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Editorial on the Research Topic
 Insights in microorganisms in vertebrate digestive systems: 2023




The digestive system of vertebrates hosts a diverse array of microorganisms that play vital roles in nutrition, immune function, and overall health. As research progresses, the multifaceted relationships between gut microorganisms and their hosts are increasingly recognized for their potential to influence health outcomes and disease processes. This Research Topic focuses on the complex interactions between gut microbiota and vertebrate health, highlighting recent studies that reveal their impact on health conditions and developmental processes. This Research Topic provides valuable insights into how these microbial communities can be leveraged for disease management and health optimization.

The study by Yang M. et al. investigated the complex interactions between gut microbiota and endocarditis using a bidirectional Mendelian randomization approach. The authors identified protective microbial taxa, such as Victivallaceae, Eubacterium fissicatena, Escherichia/Shigella, Peptococcus, and Sellimonas, while Blautia and Ruminococcus were found to be associated with an increased risk. This research highlights the therapeutic potential of targeting the gut microbiota to reduce the risk of cardiovascular disease.

In ruminant nutrition, research by Ma et al. highlighted how dietary energy levels impact rumen microbiota and metabolites in yaks. The authors revealed how varying nutritional energy inputs can reshape microbial communities and fermentation parameters, which provides a scientific basis for optimizing yak diets. Similarly, Liu et al. investigated the impact of crude protein content in Huanjiang mini pigs, showing the importance of balanced protein levels for intestinal health and growth performance.

Examining the gut microbiota during weaning, Yang Q. et al. showed significant shifts in microbial composition and serum metabolites in Dezhou donkey foals. Their work highlights essential adaptations for the transition from milk to solid feed, offering insights into effective nutritional strategies for young mammals.

The study by Li et al. on Eimeria infections in plateau pikas examined the effects on their gut microbiome, behavior, and physiology. They found that while overall bacterial community structures were stable, Eimeria influenced temporal variation, notably affecting the genus Ruminococcus. Changes in thyroid hormones and exploratory behavior suggest a potential energy trade-off. From a different angle, Xu C. et al. focused on Christensenella minuta, exploring its interactions within the gut microbiota network. C. minuta was found to support beneficial bacteria, enhancing overall microbial diversity and stability. This research highlights its potential role in promoting gastrointestinal health and microbiome management strategies.

The study by Fagundes et al. explored how Faecalibacterium prausnitzii may reduce inflammation in inflammatory bowel disease through the HIF1α pathway. Their findings suggest that these bacteria aid in managing IBD by promoting healing and offering new treatment possibilities. This was complemented by research from Meng et al. on the Traditional Chinese Medicine Xielikang, which modulates the gut microbiota in AIDS patients to reduce diarrhea symptoms, adding a complementary approach to managing gut health and immunity.

Other significant studies include work by Gao, Wang et al., who linked gut microbiota to juvenile idiopathic arthritis through Mendelian randomization, identifying plasma metabolites as potential mediators. The research by Yang X. et al. associated sheep fecal scores with gastrointestinal microorganisms, indicating specific bacteria that influence growth and health indices in livestock. The study by Gao Q. et al. examined the impact of dietary D-lactate on rumen fermentation in beef cattle. Higher levels of D-lactate increased gas and volatile fatty acid production and altered rumen pH and bacterial communities. While improving energy availability, it also raised methane emissions and the prevalence of Escherichia-Shigella. The research by Ding et al. on Hong-bailanshen supplementation in horses highlighted improvements in antioxidant enzyme activity and beneficial gut bacteria, suggesting dietary interventions for improved equine health.

Research by Xu Y. et al. revealed age-related shifts in buffalo rumen microbiota, highlighting their role in lignocellulose degradation and immune response in adults, and galactose conversion and antibiotic synthesis in breastfed calves. These insights deepen our understanding of how gut microorganisms adapt to different diets and growth stages. Additionally, Wang et al. uncovered distinct microbiome signatures in hemorrhoids compared to surrounding areas, with Staphylococcus prevalent on surfaces and Prevotella associated with thrombosed hemorrhoids. These findings suggest a microbial role in hemorrhoid development. Finally, Gao, Zhou et al. investigated the causal link between Lachnospiraceae abundance and appendicular lean mass (ALM) using Mendelian randomization. Their study found that increased Lachnospiraceae is associated with higher ALM, with Aminopeptidase O Protein (AOPEP) as a mediator. The findings indicate that targeting gut microbiota and AOPEP could improve sarcopenia management in elderly patients.

Taken together, these studies illuminate how gut microbiota specifically affect vertebrate health, offering promising avenues for advancing health and disease management through microbial strategies. Continued research in this field could lead to innovative treatments and preventative measures for a variety of health conditions.
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Introduction: Intestinal epithelial cells produce interleukin-18 (IL-18), a key factor in promoting epithelial barrier integrity. Here, we analyzed the potential role of gut bacteria and the hypoxia-inducible factor 1α (HIF1α) pathway in regulating mucosal IL18 expression in inflammatory bowel disease (IBD).

Methods: Mucosal samples from patients with IBD (n = 760) were analyzed for bacterial composition, IL18 levels and HIF1α pathway activation. Wild-type Caco-2 and CRISPR/Cas9-engineered Caco-2-HIF1A-null cells were cocultured with Faecalibacterium prausnitzii in a “Human oxygen-Bacteria anaerobic” in vitro system and analyzed by RNA sequencing.

Results: Mucosal IL18 mRNA levels correlated positively with the abundance of mucosal-associated butyrate-producing bacteria, in particular F. prausnitzii, and with HIF1α pathway activation in patients with IBD. HIF1α-mediated expression of IL18, either by a pharmacological agonist (dimethyloxallyl glycine) or F. prausnitzii, was abrogated in Caco-2-HIF1A-null cells.

Conclusion: Butyrate-producing gut bacteria like F. prausnitzii regulate mucosal IL18 expression in a HIF1α-dependent manner that may aid in mucosal healing in IBD.

KEYWORDS
 HIF1α, IL-18, intestine, epithelial-bacteria interaction, HoxBan in vitro coculture system, Faecalibacterium
, IBD


1 Introduction

The human intestinal lumen harbors a complex ecosystem of microbial species, collectively named microbiota, that play a crucial role in gut homeostasis and are increasingly recognized as controllers of human health and disease (Manor et al., 2020). The intestinal epithelium is the barrier between the gut microbiota and the surrounding tissue. Interactions between the luminal bacteria and the adjacent epithelium control the homeostatic balance between the host and intestinal microbes. Disturbances in the composition of the microbiota are collectively named dysbiosis (Schippa and Conte, 2014; Ananthakrishnan, 2015) and have been associated with a variety of gastrointestinal and metabolic diseases, including type-2 diabetes, colon carcinoma and inflammatory bowel diseases (IBD) (Kostic et al., 2014; Schippa and Conte, 2014; Vich Vila et al., 2018). Such diseases are typically associated with a reduction in the dominant commensal Faecalibacterium prausnitzii, which is a strict anaerobic bacterium and a prominent producer of the short-chain fatty acid butyrate (Sokol et al., 2008; Cao et al., 2014).

The intestinal epithelium is in a constant state of physiological hypoxia due to its proximity to the anaerobic gut lumen that, in turn, drives the activation of the hypoxia-inducible factors 1α and 2α (HIF1α/HIF2α) (Fagundes and Taylor, 2017). HIF1α activation in the intestine transcriptionally promotes expression of genes encoding proteins that are involved in metabolic processes, barrier function and immune cell regulation, playing a key role in controlling intestinal homeostasis (Colgan et al., 2020). Under normoxic conditions, HIF1α protein is repressed and rapidly degraded through the action of asparaginyl- and prolyl-hydroxylases (FIH and PHD1-3, respectively) that utilizes oxygen as a cofactor for the hydroxylation of HIF1α. The activity of these hydroxylases is impaired during hypoxia, thereby preventing HIF1α repression and degradation that then translocate to the nucleus to activate gene transcription. Intestinal inflammation, characteristic in IBD, additionally creates a pathophysiological state of hypoxia that further activates HIF1α signaling to restore intestinal homeostasis (Colgan and Taylor, 2010; Cummins et al., 2016).

A variety of pro- and anti-inflammatory cytokines are produced to fight inflammation and promote tissue regeneration. Several cytokines are produced and secreted by the intestinal epithelium itself (Mahapatro et al., 2021). Interleukin-18 (IL-18; previously known as interferon-γ activating factor) is such a cytokine expressed by intestinal epithelial cells that stimulates epithelial barrier integrity, repair and tolerance of neighboring immune cells in the intestinal mucosa, thus acting as an anti-inflammatory cytokine (Zaki et al., 2010; Elinav et al., 2011; Normand et al., 2011; Mantovani et al., 2019; Yasuda et al., 2019). Balancing mucosal IL-18 levels is, however, of crucial importance, as it is a pro-inflammatory factor at sites of inflammation (Nakamura et al., 1989; Okamura et al., 1995; Tsutsumi et al., 2019). IL-18 is an IL-1-type cytokine produced as pro-IL-18 and processed intracellularly by the nucleotide-binding oligomerization domain (NLRP) inflammasome prior to secretion (Sellin et al., 2015). The NLRP inflammasome is composed of three subunits: the NLRP3 (or 6) protein as a platform, the adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD) and CASP1 (Caspase-1) as the effector/proteolytic domain. Mice deficient in either NLRP3/6, CASP1 or IL-18 show exacerbated response to DSS-induced colitis (Zaki et al., 2010). Moreover, single nucleotide polymorphisms (SNPs) in the IL-18 receptor (IL18R1) and accessory protein (IL18RAP) loci are associated with both adult and severe early-onset IBD (Kim et al., 2014; Andreoletti et al., 2015; Soderquest et al., 2017). On the other hand, plasma levels IL-18 are elevated in ulcerative colitis patients (Wiercinska-Drapalo et al., 2005); and murine models revealed a paradoxical role for IL-18 in colitis, depending on disease stage (Nowarski et al., 2015; Pu et al., 2019). Interestingly, IL-18 was also shown to affect the gut microbiome composition directly (Levy et al., 2015; Liu et al., 2018).

We hypothesize that HIF1α transcriptional activation regulates the intestinal epithelial IL-18 production, stimulated by butyrate-producing bacteria and a potential target to promote mucosal healing in IBD. Here, we investigated the causal and functional connection between epithelial IL18 expression, gut bacteria and HIF1α activation.



2 Materials and methods


2.1 Study population and ethical considerations

All patients included in this study were recruited by the IBD center of the of the Department of Gastroenterology and Hepatology of the University Medical Center Groningen (UMCG). Patients consented to participate in the 1000IBD project and Dutch parelsnoer IBD Biobank (Spekhorst et al., 2017; Imhann et al., 2019), and were at least 18-years old and had an established pre-existing diagnosis of IBD for at least 1 year. The study was approved by the Institutional Review Board (IRB) of the University Medical Center Groningen (UMC Groningen) (in Dutch: “Medisch Ethische Toetsingscommissie,” METc; IRB no. 2008/338 and 2016/424). The study was performed in accordance with the principles of the Declaration of Helsinki (2013). Diagnosis was based upon clinical, laboratory, endoscopic and histopathological criteria, the latter criteria also used for determining the inflammatory status of collected tissues (Lennard-Jones, 1989).



2.2 Intestinal biopsies collection

Intestinal biopsies were collected within the context of the 1000IBD project and Dutch parelsnoer IBD Biobank at time of colonoscopy procedures, which were part of standard clinical care. Intestinal biopsies were snap-frozen in liquid nitrogen shortly after the colonoscopy procedure. Biopsies were stored at −80°C until further processing. In total, 760 intestinal biopsies from 371 patients with IBD were analyzed in this study. During the endoscopic procedure, the inflammatory status of the biopsy was macroscopically categorized by assessing the mucosal morphology. Macroscopic inflammation was characterized by redness and edema, with or without ulceration of the intestinal mucosa. Additionally, histopathological evaluation later confirmed the macroscopic inflammation status.



2.3 DNA/RNA isolation and RNA sequencing

Isolation of DNA and RNA was performed using the AllPrep DNA/RNA mini kit (Qiagen; reference number: 80204) according to the manufacturer’s protocol. Homogenization of intestinal biopsies was performed in RLT lysis buffer including β-mercaptoethanol using the Qiagen Tissue Lyser with stainless steel beads (diameter of 5 mm; reference number: 69989). Sample preparation was performed using the BioScientific NextFlex mRNA sample preparation kit. RNA sequencing and data processing were performed as described earlier (Hu et al., 2021). Briefly, sequencing was executed with the Illumina NextSeq500 sequencer. Sampling and sequencing were performed in two different batches. RNA samples were pseudo-randomized on plates to mitigate potential batch effects. On average, 25 million reads were generated per sample. The quality of the raw reads was checked using FastQC at default parameters (ref v0.11.7). The adaptors identified by FastQC were clipped using Cutadapt (ref v1.1) with default settings. Sickle (ref v1.200) was used to trim low-quality ends from the reads (length < 25 nucleotides, quality < 20). Reads were aligned to the human genome (human_g1k_v37) using HISAT (ref v0.1.6) (2 mismatches allowed) and read sorting was done by SAMtools (ref v0.1.19). SAMtools flagstat and Picard tools (ref v2.9.0) were used to obtain mapping statistics. Seven samples with low percentage read alignment (<90%) were removed. Finally, gene expression was estimated through HTSeq (ref 0.9.1) based on Ensemble version 75 annotation. Gene-level expression data were normalized using a trimmed mean of M values, and log2 normalization was applied. From the RNA sequencing data, expression levels of IL18, HIF1A, HIF2A, HIF-hydroxylases (EGLN1, EGLN2 and EGLN3), VHL and HIF1AN were selected for analysis. In addition, HIF1α and HIF2α scores (quotients calculated using the mRNA levels of either HIF-1α or HIF-2α divided by the sum total of the negative regulators of these factors), were calculating as described before (Brown et al., 2020; Fagundes et al., 2022).



2.4 16S rRNA gene sequencing

Biopsy-adherent bacteria abundances was assessed by 16S rRNA sequencing of human intestinal biopsies. Amplification of DNA extracted from biopsies was performed by PCR using modified 341F and 806R primers with a six-nucleotide barcode on the 806R primer on V3-V4 hypervariable region of the 16S rRNA gene. Then it was subjected to Illumina MiSeq paired-end sequencing as described previously (Swarte et al., 2020). The raw reads were trimmed and filtered using Trimmomatic v0.33 to obtain an average quality of 25 and a minimum length of 50 bases. Taxonomic assignment was following the pipeline https://benjjneb.github.io/dada2/. Dada2 R package (v1.03) was used to get the amplicon sequence variants (ASVs). ASVs that were not present in 10% of all samples were filtered out. The rest were classified against SILVA database (release 132). The taxa with present rate > 10% was kept and centered log-ratio (clr) transformed for further analysis.



2.5 Human cell culture and CRISPR/Cas9 editing

Human epithelial colon adenocarcinoma cells (Caco-2, male, ATCC®, HTB-37TM, Manassas, United States) tested negative for mycoplasma infection and were used as in vitro representatives of intestinal epithelial cells. Single guide RNAs for HIF1A (sequence 5′-GATGGTAAGCCTCATCACAG-3′) were designed via Benchling© online platform (https://www.benchling.com/) and cloned in pLenti-sgRNA backbone (Addgene, 71409). For lentivirus production, HEK293T cells in T25 were transfected using 15 μL Fugene HD (Promega, E2311), 250 μL Opti-MEM, 1.5 μg Lenti-iCas9-neo (Addgene, 85400) or pLenti-sgRNA (see above), 1 μg pMD2.G (Addgene, 12259) and 2.5 μg psPAX2 (Addgene 12260). Medium was refreshed 24 h after transfection and changed for Glutamax™ Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher Scientific Inc), supplemented with 10% fetal calf serum (FCS, Invitrogen), 1% non-essential amino acids (NEAA, Gibco) and 1% PSF antibiotic cocktail [penicillin (10 U/mL), streptomycin sulfate (100 μg/mL) and fungi zone; Lonza, Bazel, Switzerland]. Lentivirus suspension was collected 48 h after transfection, filtered through a 0.45 μm filter, aliquoted and stored at −80°C.

For generating stable Caco-2-iCas9 cell line, Caco-2 cells were seeded in a 6-well plate and incubated with 1 mL lentivirus suspension, supplemented with 8 μg/mL polybrene (Sigma-Aldrich, TR-1003). Cells were washed 24 h after infection with PBS and selection was started with Neomycin 2 mg/mL for 7 days with one cell passage in between. For introducing sgRNA, Caco-2-iCas9 cells were seeded in a 6-well plate and incubated with 1 mL lentivirus containing sgRNA (empty vector or against HIF1A – described above), supplemented with 8 μg/mL polybrene. Cells were washed 24 h after infection with PBS and selection was started 20 μg/mL puromycin for 7 days. Once puromycin treatment was finished, the resulting mutant Caco-2 cell line was cultured at low density on Glutamax™ DMEM, as described above. Twenty one clones were picked from the culture dish and cultured individually. Clones were expanded and DNA, RNA and protein collected for sequencing and functional validation of stable transfection. Treatments with control or Dimethyloxalylglycine (DMOG; D3695, Sigma Aldrich), at the concentrations of 1 or 5 mM, were carried out on selected clones for 24 h, followed by RNA isolation using TRIzol method, cDNA synthesis and gene expression analysis by RT-PCR, as described by Sadaghian Sadabad et al. (2015). Sequences for primers and probes are shown on Supplementary Table S1.



2.6 Gaussia luciferase assay

A HIF1α-responsive element (HRE)-Gaussia Luciferase reporter system (Cavadas et al., 2018) was used to assess HIF1α functional activity in Caco-2-HIF1A-null cells and empty vector controls. Caco-2 cells were transfected with 1 mg of the HRE-Gaussia Luciferase reporter construct in antibiotic-free media using Lipofectamine 2000 for 24 h, after which cells were treated with 1 mM DMOG for up to 48 h. Secreted luciferase was indicative of HRE-activity. Bioluminescence was quantified in media samples using the Pierce™ Gaussia Luciferase Glow Assay Kit (Thermo Scientific, 16161), carried out in a 96-well plate as per manufacturer’s instructions. Luminescence was determined using the CLARIOstar microplate reader (BMG Labtech, Ortenberg, Germany). Relative Luminescence Units (RLU) are presented normalized to total protein content (μg) for comparison of HIF1α functional activity levels.



2.7 Bacterial culture and HoxBan coculture system

HoxBan coculturing was performed essentially as described before (Sadaghian Sadabad et al., 2015): anaerobically-grown F. prausnitzii strain A2-165 (provided by S. Duncan, Aberdeen, UK) was inoculated in liquid broth containing yeast extract, casitone, and fatty acids and supplemented with 25 mM glucose as carbon and energy source (YCFAG). One (1) ml of an overnight F. prausnitzii culture was used to inoculate 1 liter of autoclaved agar (1.0%)-based-YCFAG (pH = 6.5) and cooled-down to approximately 40°C. In an anaerobic cabinet, 40 mL of this mixture was added to a 50 mL Falcon test tube and the bacteria-containing YCFAG-agar was allowed to solidify. After transfer to a laminar flow cabinet, 10 mL of 37°C -pre-warmed PSF-free DMEM medium was added to each tube. Next, the Caco-2 cells (Caco-2-HIF1A-null or Caco-2-empty vector) pre-grown on coverslips were laid upside-down on the top of the bacteria-containing YCFAG agar medium. The screw caps of the Falcon tubes were kept loosely tightened, to allow oxygen entry into the system for the Caco-2 cells. Caco-2/F. prausnitzii coculturing took place for 18 h at 37°C and 5% CO2, after which coverslips were collected and processed for downstream analyses.



2.8 RNA sequencing of cultured cell lines

Isolation of RNA from Caco-2 cells after HoxBan (co)culturing was performed using the RNeasy Plus Mini Kit (Qiagen; reference number: 74134) according to the manufacturer’s protocol. Homogenization of cells was performed in RLT lysis buffer containing β-mercaptoethanol. Sample preparation was performed using the QuantSeq 3’mRNA-Seq Library Prep Kit sample preparation kit (Lexogen; reference number 015.95). RNA sequencing was executed with the Illumina NextSeq500 sequencer. RNA samples were pseudo-randomized on plates.



2.9 Statistics

The associations between gene expressions and microbial taxa in 760 intestinal biopsies from 371 IBD patients were assessed using mixed linear models adjusting for batch, age, sex, BMI, smoking, tissue location and inflammation status. Patient IDs were included as random effect to account for repeat measurements. Data were presented as mean ± standard deviation (SD). Assessment of normality was performed using histograms and normal probability plots (Q-Q plots). Differential gene expression analysis between groups was analyzed using independent sample t-tests with the EdgeR package on RStudio (version 1.4.1717; Rstudio, Boston, MA, United States) or ordinary One-way ANOVA using GraphPad Prism 9.0 (GraphPad software, San Diego, CA, United States). Gene expression was normalized using the trimmed mean of M-values normalization method (TMM) and then 2log-transformation was applied. Finally, gene expression means were centered to zero and standard deviations scaled to one. Data visualization was performed using GraphPad Prism 9.0 and Rstudio. Two-tailed p-values ≤ 0.05 were considered statistically significant.




3 Results


3.1 Gene expression levels of IL18 correlate with bacterial abundance in the intestinal mucosa of IBD patients

Descriptive statistics of the patient cohort is described in Table 1. Mucosal IL18 expression in 760 intestinal mucosa biopsies from 371 IBD patients was obtained from an in-house dataset of RNA sequencing dataset (Hu et al., 2022) and was correlated to the abundance of bacterial genera, as established by 16S rRNA gene sequencing of the same biopsies. A significant positive correlation between IL18 expression and mucosal levels of prominent butyrate-producing bacteria was observed, including Ruminococcaceae, Ruminococcus species, Agathobacter, and Faecalibacterium (Table 2). In contrast, IL18 expression correlated negatively with GCA-900066575, Sutterella and Bacteroides abundances (Table 2). Species from the Sutterella genus have been described as potential pathogens associated with inflammatory diseases (Gryaznova et al., 2021). At the species level, a significant positive correlation was observed between IL18 expression and F. prausnitzii (Figure 1, effect size = 0.227, p = 7.18 × 10−4). While no significant differences were observed in mucosal-associated F. prausnitzii abundances between inflamed and non-inflamed tissue (Table 3), we identified correlations between the abundance of F. prausnitzii and certain bacterial genera outlined in Table 2 (Supplementary Figure S2). Given the positive association of IL18 expression with butyrate-producing bacteria, and since butyrate activates the epithelial HIF1α pathway (Kelly et al., 2015), we next investigated whether mucosal IL18 expression correlates with HIF1α pathway activation.



TABLE 1 Descriptive statistics of cohort of IBD patients (n = 371), segregated by disease subtype.
[image: Table1]



TABLE 2 Bacteria significantly correlated with IL18 expression in intestinal mucosa of IBD patients ordered by significance.
[image: Table2]
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FIGURE 1
 IL18 expression levels are significantly associated with abundances of F. prausnitzii in human intestinal mucosa. F. prausnitzii abundance is positively correlated to IL18 expression in intestinal mucosa. Patient cohort study performed in N = 760 biopsies.




TABLE 3 Comparison between F. prausnitzii abundances between inflamed and non-inflamed mucosa tissue of IBD patients.
[image: Table3]



3.2 IL18 expression correlates with HIF1α activity in intestinal mucosa of IBD patients

IL18 mRNA levels were significantly enhanced in inflamed intestinal mucosa when compared to non-inflamed tissue, both in colon and in ileum (Figure 2A). Similarly, HIF1α scores [representing HIF1α activation capacity (Brown et al., 2020)] were increased in inflamed mucosa in both locations, when compared to non-inflamed mucosa (Figure 2B). In line, Spearman correlation analysis revealed a positive association between IL18 and HIF1α scores in the intestinal mucosa of IBD patients (Figure 2C; r = 0.2052 and p < 0.0001).

[image: Figure 2]

FIGURE 2
 IL18 expression strongly associates to HIF1α activation capacity in the human intestinal mucosa. (A) Gene expression levels of IL18 in intestinal mucosa of IBD patients, divided by location (colon and ileum). (B) HIF1α activation capacity (calculated by HIF1α scores) in intestinal mucosa of IBD patients. (C) Spearman correlation analysis shows significant positive association between IL18 and HIF1α scores in intestinal mucosa of IBD patients. Patient cohort study performed in n = 760 samples (biopsies), segregated by their inflammatory statues and biopsy location as colonic inflamed (n = 195), colonic non-inflamed (n = 307), ileal inflamed (n = 78) and ileal non-inflamed (n = 180) biopsies. Data presented as box and whiskers (min to max); ****p < 0.0001.




3.3 HIF1A knock out in intestinal epithelial cells

In order to establish whether IL18 expression is under direct control of HIF1α, we inactivated the HIF1A gene in Caco-2 cells using CRISPR/Cas9 technology (Figure 3). We functionally tested the loss of HIF1α activation in the Caco-2-HIF1A-null cells using a secreted Gaussia luciferase driven by HIF1α responsive elements (HRE) over 48 h exposition to 1 mM of the prolyl-hydroxylase inhibitor DMOG (Figure 3A). We observed an almost complete loss of HIF1α response in Caco-2-HIF1A-null cells, compared to Caco-2(-iCas9-empty vector) control cells, which had HRE-luciferase signal up to 10-fold upregulated of over 48 h exposition to DMOG. Because of the mutation introduced by the guide RNA, HIF1A mRNA remained detectable in Caco-2-HIF1A-null cells, with no significant difference compared to Caco-2-empty vector control cells (Figure 3B). Pharmacological activation of HIF1α (using DMOG) dose-dependently enhanced mRNA levels of typical HIF1α target genes EGLN3 and PGK1 in Caco-2 control cells, which was blunted in the Caco-2-HIF1A-null cells (Figures 3C,D). Similarly, IL18 expression was slightly, but significantly induced by DMOG in Caco-2 control cells, which was blocked in the absence of HIF1A (Figure 3E). Interestingly, basal IL18 levels were already significantly lower in Caco-2-HIF1A-null cells compared to Caco-2 control cells, which was also observed for PGK1 (Figures 3D,E, respectively).

[image: Figure 3]

FIGURE 3
 Stable knockout of HIF1A in Caco-2 cells leads to decreased HIF1α signaling upon pathway activation. (A) Time-dependent HIF1α responsive element (HRE)-luciferase assay over 48 h treatment with 1 mM DMOG. Gene expression levels of (B) HIF1A and the HIF1α pathway targets (C) PGK1, (D) EGLN3, and (E) IL18 in Caco-2-HIF1A-null and control cells treated with 1 or 5 mM DMOG for 24 h. Data presented as mean ± SD. All experiments were performed with n = 3; *p < 0.05, **p < 0.01, ****p < 0.0001.




3.4 Faecalibacterium prausnitzii regulates gene transcription in a HIF1α-dependent manner in intestinal epithelial cells

To analyze the putative role of HIF1α in regulating F. prausnitzii-mediated transcriptional responses, Caco-2 control (empty vector) and Caco-2-HIF1A-null cells were cultured for 18 h in the absence and presence of the strict anaerobic bacterium F. prausnitzii using the “Human-oxygen Bacteria-anaerobic” (HoxBan) coculture system (schematically drawn in Figure 4A), followed by RNA sequencing of the Caco-2 cells. In the absence of F. prausnitzii, a total of 149 genes were significantly differentially expressed between Caco-2 control and Caco-2-HIF1A-null cells (Figure 4B), while 187 genes were significantly differentially expressed between those 2 cell lines in the presence of F. prausnitzii (Figure 4C). The absence of HIF1α significantly enhanced expression of 64 genes, and reduced levels of 85 genes (Figures 4D,E), when grown in the absence F. prausnitzii in the HoxBan setup. In the presence of F. prausnitzii, expression levels of 67 genes were enhanced, and of 120 genes reduced (Figures 4D,E) in the absence of HIF1α. Overlaying these effects, we observed enhanced expression of 32 genes (Table 4), and reduced expression of 51 genes (Table 5), specifically in F. prausnitzii-cocultured Caco-2-HIF1A-null cells, when compared to F. prausnitzii-cocultured Caco-2 control cells (Figures 4D,E). Among the 32 upregulated genes, two (NRP2 and CPT1A) were previously reported to be suppressed by HIF1α signaling (Coma et al., 2011; Du et al., 2017; Tan and Welford, 2020; Ezzeddini et al., 2021), whereas no established HIF1α-upregulated targets were detected among these genes that were enhanced by F. prausnitzii in Caco-2-HIF1A-null cells. On the other hand, the 51 downregulated genes were enriched for known HIF1α targets, including PFKB3 (Minchenko et al., 2002), FOS (Ebersole et al., 2018), IER3 (Ravaud et al., 2015), ANXA1 (Bizzarro et al., 2017), HK2 (Mathupala et al., 2001), KDM3A (Mimura et al., 2012), MT2A (Mo et al., 2020), LBH (Jiang et al., 2019), DDIT4 (Gharibi et al., 2016), and TGM2 (Jang et al., 2010). Interestingly, IL18 was among these 51 genes (Table 5), of which the expression appears to be controlled through F. prausnitzii-mediated activation of HIF1α.

[image: Figure 4]

FIGURE 4
 Differential gene expression (DGE) analysis of Caco-2-HIF1A-null upon coculture with F. prausnitzii, compared to Caco-2 empty vector controls. (A) Schematic representation of the HoxBan coculture system, including experiment layout. Caco-2-HIF1A-null cells, or appropriate control (iCas9 empty vector), were cultured in the HoxBan system for 18 h in the absence or presence of F. prausnitzii inoculum (in figure, mono and co, respectively). Volcano plots showing differential gene expression analysis comparing Caco-2-HIF1A-null cells and Caco-2-empty vector in monoculture (B; purple and pink dots represent downregulated and upregulated genes, respectively) and coculture with F. prausnitzii (C; green and blue dots represent downregulated and upregulated genes, respectively). All dots display significant observations with p < 0.05. Veen diagrams were used to discover uniquely (D) upregulated and (E) downregulated DGE (numbers underlined inside blue and green diagrams, respectively) in Caco-2-HIF1A-null cultured with F. prausnitzii, compared to Caco-2-empty vector in same condition. All experiments performed in n = 3.




TABLE 4 Uniquely upregulated genes in F. prausnitzii-cocultured Caco-2-HIF1A-null cells, compared to F. prausnitzii-cocultured Caco-2 control cells.
[image: Table4]



TABLE 5 Uniquely downregulated genes in F. prausnitzii-cocultured Caco-2-HIF1A-null cells, compared to F. prausnitzii-cocultured Caco-2 control cells.
[image: Table5]



3.5 Faecalibacterium prausnitzii enhances IL18 expression in Caco-2 cells in a HIF1α-dependent manner

Specifically analyzing the HIF1α and -2α scores from the RNA sequencing results, we observed a (non-significant) enhancement of HIF1α scores in Caco-2 control cells when comparing monocultures (Caco-2 cells without F. prausnitzii) to Caco-2-F. prausnitzii cocultures (Figure 5A). F. prausnitzii did not enhance the HIF1α score in Caco-2-HIF1A-null cells (Figure 5A, red bars). Notably, the HIF1α score was significantly lower in Caco-2-HIF1A-null cells cocultured with F. prausnitzii when compared to similarly-cultured Caco-2 control cells (Figure 5A; p < 0.0001). HIF2α scores were lower than HIF1α scores in all conditions, with no significant changes between different conditions (Figure 5B). IL18 mRNA levels exactly followed the HIF1α score: F. prausnitzii enhanced IL18 levels non-significantly in Caco-2 control cells and were significantly lower in F. prausnitzii-cocultured Caco-2-HIF1A-null cells (Figure 5C, p < 0.001). In line, a highly significant positive correlation between IL18 gene expression and HIF1α scores was observed (r = 0.6516 and p = 0.0002; Figure 5D). Taken together, these data point to a F. prausnitzii-mediated regulation of IL18 in the intestinal epithelium that is controlled by HIF1α.

[image: Figure 5]

FIGURE 5
 RNA sequencing analysis reveals that HIF1A ablation prevents upregulation of IL18 by F. prausnitzii in intestinal epithelial cells. (A,B) HIF1α and HIF2α scores shows a decrease in HIF1α, but not HIF2α, activation capacity in Caco-2-HIF1A-null, compared to Caco-2-empty vector control in coculture with F. prausnitzii. (C) Normalized gene expression counts of IL18 in Caco-2-HIF1A-null cells, compared to Caco-2-empty vector in monoculture and coculture with F. prausnitzii. (D) Spearman correlation analysis between IL18 gene expression and HIF1α scores on Caco-2 cells in the HoxBan system. All experiments performed in n = 3 (ns = not significant, **p < 0.001 and ***p < 0.0001).





4 Discussion

In this study, we found that mucosal IL18 expression associates positively with gut commensal and butyrate-producing bacteria in a cohort of 371 IBD patients, while it negatively associates with potential pathogens. At the bacterial strain level, mucosal IL18 gene expression positively associated with the mucosal abundance of the gut commensal F. prausnitzii. Using the HoxBan in vitro coculture model, we showed that this mechanistic relationship is directly regulated by activation of the transcription factor HIF1α in intestinal epithelial cells. Moreover, we described transcriptional modulations that are triggered in a HIF1α-dependent manner by F. prausnitzii on intestinal epithelial cells, also involving the regulation of IL18 expression.

In our study, we provided evidence that epithelial expression levels of IL18 are regulated in a HIF1α-dependent manner and associates positively to bacterial species directly linked to epithelial health. However, the absence of protein quantification in our study represents a limitation, and further investigations may provide a more comprehensive understanding of the molecular mechanisms involved. Nonetheless, in line with our results, previous studies using germ-free mouse models showed a decrease in IL18 gene expression and secretion, when compared to conventionally raised mice (Singh et al., 2014; Levy et al., 2015). Additionally, other murine models have pointed to a tissue-protective role of IL-18, following injury to the intestinal epithelium. IL-18 may act via its cognate membrane receptor, IL18R1, that prevents the differentiation of CD4+ T helper 17 (Th17) and promoting the expression of key Foxp3+ regulatory T cell (Treg) effectors (Harrison et al., 2015; Mahapatro et al., 2021). Furthermore, studies have shown that inflammasome (NLRP6)-deficient mice, part of the inflammasome complex essential for processing of pro-IL-18 to its active form, showed reduced levels of IL-18 and alterations in the gut microbiota composition, including increased abundance of potential pathogens such as Prevotella and bacteria from the phylum Saccharibacteria (previously known as TM7) (Elinav et al., 2011; Levy et al., 2015; Chen, 2017). On the other hand, there is also data that support that IL-18 contributes to intestinal inflammation (Nowarski et al., 2015; Pu et al., 2019). Indeed, we observed increased levels of IL18 in the inflamed intestinal mucosa of patients with IBD. Therefore, there appears to be a fine balance between the anti-inflammatory and pro-inflammatory actions of IL-18 in the intestinal mucosa. This equilibrium may be maintained through the direct influence of the soluble decoy receptor IL-18 binding protein (IL-18BP), which effectively neutralizes IL-18 activity in vivo, preventing excessive NF-κB activation and inflammation (Fantuzzi et al., 2003; Nowarski et al., 2015). Our findings indicate that mucosa-adherent bacteria, particularly F. prausnitzii, play a role in regulating IL18 gene expression, primarily within the intestinal epithelium. This regulation may enhance barrier function and act as an anti-inflammatory factor, suggesting potential benefits for IBD patients in preventing disease flares.

F. prausnitzii plays an important role in maintaining healthy gut homeostasis, which is often linked to its capacity to produce short-chain fatty acids (SCFA), in particularly butyrate (Sokol et al., 2008; Cao et al., 2014; Laval et al., 2015; Moens and de Vuyst, 2017). Indeed, prophylactic F. prausnitzii administration reduced colonic paracellular permeability and neutrophil infiltration in a rat model of pelvic radiation disease, which was attributed to F. prausnitzii-mediated induction of intestinal epithelial IL-18 expression and secretion (Lapiere et al., 2020). In line, IL18 gene and protein expression in vitro and in vivo have been shown to be increased by treatment of mice with SCFA or niacin (Kalina et al., 2002; Singh et al., 2014). Also, a positive significant correlation between F. prausnitzii abundance and mRNA and protein expression of NLRP6 was found in rats in an induced model for irritable bowel syndrome (IBS) (Bao et al., 2019). Similarly, activity of the NLRP3-containing inflammasome is induced in mice fed a fiber-rich diet and induced the production of IL-18 through the activation of intestinal epithelial SCFA receptors (GPR43 and GPR109A) (Macia et al., 2015). All these studies in animal models support our findings in IBD patients that F. prausnitzii abundance positively correlates to mucosal IL18 gene expression, which is very likely maneuvered via activation of the HIF1α pathway. We thus provided first evidence of the interrelationship between butyrate-producing bacteria and HIF1α-dependent intestinal IL18 expression in humans. We have, however, not yet identified butyrate per se as the F. prausnitzii-derived factor that induces IL18 in the intestinal epithelium. However, we have established earlier that F. prausnitzii effectively produces butyrate when co-cultured with Caco-2 cells in the HoxBan system (Sadaghian Sadabad et al., 2015) and others have shown that butyrate activates HIF1α pathway in Caco-2 cells (Kelly et al., 2015; Zheng et al., 2017). Still, further studies are needed to fully understand this interrelationship.

We propose that the increase in gene expression of both HIF1A and IL18 in inflamed biopsies is primarily driven by pathophysiological hypoxia, which is installed during inflammation in the intestinal mucosa (Fagundes and Taylor, 2017; Brown et al., 2020; Fagundes et al., 2022). Nonetheless, activation of the HIF1α pathway has been mechanistically linked to gut mucosal health, both in the context of prevention and recovery from intestinal inflammation. Blocking HIF1α in mouse models, especially on intestinal epithelial cells, impairs epithelial barrier integrity, because of dysregulation of HIF1α targets, such as tight junction proteins, intestinal trefoil factors and beta-defensins (Furuta et al., 2001; Synnestvedt et al., 2002; Kelly et al., 2013; Saeedi et al., 2015). Moreover, conditional knockout of HIF1α exacerbated inflammation in TNBS-induced colitis in mice, while increased HIF1α activation via knock-out of the von Hippel–Lindau (VHL) gene was protective (Karhausen et al., 2004). In our study, we show that stable knockout of HIF1A in Caco-2 cells decreased the expression of several well-known HIF1α target genes upon coculture with F. prausnitzii. Additionally, this led to suppression of 6 Gene Ontology biological processes, all involving the HIF1α-dependent regulation of IL18. In line, we detected 2 hypoxia-responsive elements (HRE) in the IL-18 promoter region, located 548 and 1,218 base pairs upstream of the first exon (Supplementary Figure S1). To the best of our knowledge, this is the first study to show HIF1α-mediated regulation of IL18, which may contribute to the protective role of HIF1α in the intestine.

Pharmacological activation of the HIF1α pathway promotes mucosal regeneration and intestinal barrier function in several mouse models of colitis (Cummins et al., 2008; Robinson et al., 2008; Gupta et al., 2014), as recently reviewed by Colgan & Taylor (Colgan et al., 2020). Prolyl-hydroxylase inhibitors (PHI) are a class of HIF-agonistic drugs that promote HIF1α activation by blocking the PHD-mediated degradation of HIF1α protein (Joharapurkar et al., 2018). Some of these drugs have already entered phase 2 and 3 clinical trials for the treatments of anemia of chronical renal disease, being well-tolerated by patients and healthy individuals (Haase, 2017). Thus, we postulate that PHIs may also be beneficial for IBD patients suffering from disease flares. Moreover, a beneficial effect may be expected from strategies to enhance the abundance of F. prausnitzii in the gut, thereby strengthening the fine epithelial HIF1α-IL18 crosstalk. However, the applications of live F. prausnitzii as a probiotic therapeutic option remain a challenge, mostly because of its strict anaerobic nature. Alternatively, dietary fibers (prebiotics, such as inulin) could be used to increase F. prausnitzii abundance in the human gut (Verhoog et al., 2019). Although the anti-inflammatory effects of prebiotics in IBD patients remains controversial, co-treatment with PHI may be an interesting strategy, which would combine the regenerative potential of HIF1α activation with stimulation of growth of commensal bacteria.

In conclusion, our study reveals the interrelationship between F. prausnitzii, HIF1α activation and IL18 expression in the intestinal mucosa. These factors are all relevant therapeutics to restore intestinal homeostasis in patients with IBD.
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Yak (Bos grunniens) is a unique large ruminant species in the Qinghai-Tibetan Plateau (QTP). Changing the energy levels of their rations can significantly improve their growth performance. Therefore, studying the effects of dietary energy levels on the rumen microflora and metabolites of yak is crucial for enhancing the development of the yak industry. Currently, there is a lack of understanding regarding the impact of feeding energy diets on rumen fermentation parameters, microbial functions, and metabolites. This study was designed to determine the appropriate energy level for feeding yak. Three test diets with metabolizable energy levels of 7.57 MJ/kg, 9.44 MJ/kg, and 11.9 MJ/kg were used and the concentration of volatile fatty acids (VFA) in rumen fluid was measured. The microbial communities, functions, and metabolites in yaks were studied by 16S rRNA sequencing, metagenome, and LC-MS non-targeted metabolomics to investigate the relationships among rumen fermentation parameters, microbial diversity, and metabolites. Ration energy levels significantly affect total VFA, acetate, propionate, butyrate, iso-valerate, valerate, and acetate/propionate (p < 0.05). At the phylum level, the dominant phyla in all three treatment groups were Bacteroidota, Firmicutes, and Actinobacteriota. At the genus level, the abundance of the unclassified_o__Bacteroidales, norank_f_Muribaculaceae, Lachnospiraceae_NK4A136_group, and Family _XIII_AD3011_group showed significant differences (p < 0.05) and were significantly correlated with differential metabolites screened for phosphatidylcholine [PC(16:0/0:0), PC(18:3/0:0)], uridine 3′-monophosphate, and adenosine monophosphate, etc. CAZymes family analysis showed that GHs and CEs differed significantly among the three groups. In addition, differential metabolites were mainly enriched in the pathways of lipid metabolism, nucleotide metabolism, and biosynthesis of other secondary metabolites, and the concentrations of differential metabolites were correlated with microbial abundance. In summary, this study analyzed the effects of ration energy levels on rumen microorganisms and metabolites of yaks and their relationships. The results provided a scientific basis for the selection of dietary energy for yaks in the house feeding period in the future.

KEYWORDS
dietary energy levels, house feeding, rumen microbial, 16S rRNA, metagenome, metabolomics, yak


1 Introduction

The yak (Bos grunniens) is a unique large ruminant species to the Qinghai-Tibet Plateau (QTP), it was domesticated by the nomads of the QTP about 7,300 years ago. During its long-term evolution, it has adapted to the harsh environment of the QTP, such as low oxygen, high cold, and strong ultraviolet radiation. It is closely related to the food, clothing, housing, and transportation of herdsmen (Xiong et al., 2014; Qiu et al., 2015). The forage grass in alpine meadow areas experiences a withering period that lasts up to 7 months, during this time, the yield and energy level of the forage grass decrease, leading to a decline in the weight of yaks. Some yaks may even die if they are unable to access forage grass for a long time, which causes herdsmen to suffer serious economic losses (Long et al., 1999; Xue et al., 2005). Therefore, exploring the method of house-feeding fattening is crucial for safeguarding the life and property of herdsmen. Maintaining a reasonable dietary energy level is one of the important approaches to enhance the fattening effect of yaks.

The rumen compartment of ruminants contains a large number of microbial communities consisting mainly of bacteria, archaea, ciliated protozoa, and phages (Ley et al., 2008; Mccann et al., 2014). Some of these floras are capable of fermenting and converting indigestible plant polysaccharides into volatile fatty acids (VFAs) and microbial proteins that provide nutrients to the host (Mizrahi and Jami, 2018; Seshadri et al., 2018; Andersen et al., 2020; Yu et al., 2020). The complex rumen microecology is influenced by a variety of factors such as diet, breed, age, and altitude (Lin et al., 2019; Zhang et al., 2019). Among them, the composition of the microbial community is susceptible to the change of ration nutrient composition (Mohammed et al., 2014; Zhang J. et al., 2017). It has been reported that the relative abundance of dominant bacteria in yaks’ rumen changes with the increase in dietary energy level, accompanied by the up-regulation of the rumen epithelial VFA transporter gene (Ahmad et al., 2020). In addition, rumen microbial structure is an important indicator of microbial function and metabolites (Bannink et al., 2016). Previous studies have shown that approximately 60% of the metabolites in rumen fluid are produced by rumen microbes (Saleem et al., 2013). These compounds accurately reflect the relationship between the host, rumen microbes, and dietary levels. However, there are fewer studies on the effect of dietary energy levels on rumen flora function and metabolites in yak. Therefore, the present study aims to address this aspect.

Since the homeostasis of the internal environment of the rumen is critical for healthy animal growth, analysis of rumen microbes and metabolites can help explain the functional properties of microbiota composition and metabolites in the host under specific conditions and will provide important insights for improving feed conversion efficiency in yaks (Heinken et al., 2013; Zhang R. et al., 2017). In recent years, an increasing number of researchers have adopted a combined multi-omics analysis approach to reveal the effect of ingested dietary nutrients on animal growth performance and rumen microbes (Xue et al., 2020). In one study, macrogenomics and metabolomics were used to analyze rumen microbiota in yak and it was found that dietary crude protein levels affect metabolites associated with bile secretion and histidine metabolism in the rumen, and these compounds were associated with rumen dominant microbiota (Dai et al., 2023). Similarly, a multi-omics analysis of rumen fluid from Holstein heifers revealed a reduction in the relative abundance of cellulose-degrading bacteria in the rumen with higher dietary concentration. Additionally, a correlation was observed between the affected microbiota and candidate metabolites Zhang J. et al. (2017).

While microbiome and metabolomics research methods have been extensively employed in ruminants, there is a scarcity of studies investigating the impact of varying dietary energy levels on the composition of rumen microflora and metabolites in yaks. As yaks permanently reside in the plateau throughout the year, the unique growing environment of yaks make it possible that the research results of other bovine species under similar feeding conditions may not apply to yaks. In addition, most of the studies on diet treatment only analyzed the composition of rumen microorganisms, and did not conduct in-depth research on their functions and metabolites. Therefore, in this study, 16S rRNA sequencing technology, metagenomics and LC-MS non-targeted metabolomics data were combined to explore the effects of three dietary energy levels on rumen microflora and function and to analyze the effects of dietary energy levels on growth indexes and rumen fermentation parameters of yaks. The correlation between rumen microflora and differential metabolites was analyzed, and the interaction between microorganisms and metabolites was systematically discussed. It provides more theoretical guidance for yak fattening in the hay period and helps herdsmen to increase economic benefits.



2 Materials and methods

The animal experiments involved in this experiment were approved by the Lanzhou Institute of Husbandry and Pharmaceutical Sciences of the Chinese Academy of Agricultural Sciences (CAAS) (approval number: 1610322020018). All sampling procedures are strictly in accordance with the Guidelines for Ethical Treatment of Experimental Animals in China.


2.1 Animals, diets, and experimental design

The Liqiaru Livestock Farm in the Tibetan Autonomous Prefecture of Gannan, Gansu Province, China, served as the site of this experiment. We have chosen 30 healthy male yaks who are 6 months old as our study subjects. Prior to the pre-test, the average body weight was 58.15 ± 6.20 kg. Using R software (Version 4.1.2), the 30 yaks were randomly separated into three groups based on body weight. Each group was fed diet with low energy level (LG: Neg 1.77 MJ/kg), medium energy level (MG: Neg 3.88 MJ/kg), and high energy levels (HG: Neg 5.28 MJ/kg), respectively. According to the Chinese Beef Cattle Feeding Standard (NY/T 815-2004), the diet formula was created. In the Table 1, the three diets’ nutritional makeup and composition are displayed. During the experiment, the amount of feed given to the yaks was adjusted by 1.2% based on their monthly body weight data. The trial period was 150 days long, with a 15-day pre-test phase. The body weight of yaks was measured regularly on the day of the end of the pre-test and every month during the trial.


TABLE 1    Diet composition and nutrient content.

[image: Table 1]

At the end of the experiment, 6 yaks with similar body weights were selected from each group, and rumen fluid was collected by using a gastric tube sampler. filtered with 4 layers of sterilized gauze, and each yak rumen fluid was divided into 3 tubes of centrifuge tubes (15 mL), labeled, and placed in a liquid nitrogen tank, transported back to the laboratory and stored at −80°C for subsequent sequencing analysis and VFAs determination.



2.2 Determination of fermentation parameters of rumen fluid

The rumen fluid was thawed at room temperature and centrifuged (15,000 × g, 4°C, 15 min), 1 mL of supernatant was added to a 1.5 mL centrifuge tube, followed by the addition of 0.2 mL of 25% metaphosphoric acid solution containing internal standard (2-Ethylbutyric acid, 2 EB) and centrifugation again (15,000 × g, 4°C, 15 min). The concentration of volatile fatty acids (VFAs) was determined using gas chromatography with reference to the method described by Erwin et al. (1961).



2.3 DNA extraction of rumen microbial

The rumen fluid samples were thawed at 4°C and the total DNA from the sample genome was extracted following the instructions of the DNA extraction kit Fast (DNA® SPIN Kit for soil, MP Biomedicals, Santa Ana, CA). First, 0.5 g sample, 978 μL sodium phosphate buffer and 122 μL MT buffer were added to the lysis matrix E tube, oscillates in the MP grinder (FastPrep-24 5G, MP, America) for 40 sec at a speed of 6.0; centrifuge at 14,000 rpm for 10 min at room temperature; the supernatant was transferred to a 1.5 mL centrifuge tube, 250 μL PPS was added and mixed; centrifuge again at room temperature at 14,000 rpm for 5 min. The supernatant was transferred to a 2 mL tube containing 900 μL Binding Matrix, mixed, and turned upside down for 3 min; instantaneous centrifugation for 5 s, carefully discard the supernatant; add 500 μL 5.5M guanidine isothiocyanate solution, mix well, transfer to SPINTM Filter; add 500 μL SEWS-M, centrifuge at 14,000 rpm for 1 min, discard the filtrate, and repeat the washing; abandon the liquid in the collection tube, centrifuge at 14,000 rpm for 3 min, remove the residual solution, and dry for 3 min; 100 μL DES eluent preheated at 55°C was added and allowed to stand for 5 min. After centrifugation at 14,000 rpm for 2 min at room temperature, the SPINTM Filter was discarded to obtain total DNA. The purity of the DNA was measured using the NanoDrop2000 (NanoDrop Technologies, Wilmington, DE, USA), while the concentration of the DNA was measured using the TBS-380 microfluorometer (Turner Biosystems, USA). The integrity of the DNA was assessed by 1% agarose gel electrophoresis. The DNA was fragmented into fragments of approximately 400 bp using an ultrasonic disruption device (Covaris M220).



2.4 16S rRNA gene sequencing and bioinformatics analysis

PCR amplification was performed using the universal primers 338 F (5-ACTCCTACGGGGAGGCAGCAG-3) and 806 R (5-GGACTACHVGGGTWTCTAAT-3), which targeted the V3-V4 region of the bacterial 16S rRNA gene. The PCR products were purified with the AxyPrep DNA Gel Recovery Kit (Axygen Biosciences, Union City, CA), and initial quantitative analyses were based on electrophoresis results. The PCR products were quantified using the QuantiFluor TM-ST blue fluorescence quantitative system from Promega (United States) and mixed to meet each sample’s sequencing requirements. Library construction employed the TruSeq TM DNA Sample Prep Kit from Illumina (San Diego, CA, United States). We performed sequencing on the Illumina MiSeq PE-250 platform. All the raw data were submitted to the NCBI Sequence Read Archive (SRA) database (Accession number: PRJNA1017979).

The paired end reads (PE reads) obtained from Illumina sequencing underwent splicing via FLASH software1 (Reyon et al., 2012). Based on their overlap relationship, the sequences were subjected to quality control and screening using Fastp software2 (Chen et al., 2018). The samples were identified based on the barcodes and primers located on both ends of the sequence, and the sequence direction was adjusted accordingly. The Usearch software (version 7.0)3 platform was utilized to screen the sequences and conduct Operational taxonomic unit (OTU) statistics (Edgar, 2010). Additionally, the sequences were clustered based on 97% similarity, subsequently, we utilized the RDP Classifier Bayesian algorithm (version 2.11),4 in combination with the Silva 16S rRNA databases, to classify and annotate the sequences, and we analyzed the community composition of the samples at each classification level (Wang et al., 2007). Alpha diversity analysis was conducted with Mothur software (1.30.2),5 partial Least squares-discriminant Analysis (PLS-DA) was used to distinguish the observed values between groups (Schloss et al., 2009).



2.5 Metagenomic sequencing and bioinformatics analysis

The PE library was built following the TruSeq TM DNA Sample Prep Kit (Illumina, San Diego, CA, USA), the bridge PCR was executed through the NovaSeq Reagent Kits, and metagenome sequencing was performed utilizing the Illumina HiSeq Xten sequencing platform. Shanghai Meiji Biomedical Technology Co., Ltd. (Shanghai, China) conducted the library construction, as well as the sequencing for 16S and metagenome purposes.

Fastp software (see text footnote 2, version 0.20.0) was used to cut the adapter sequences at the 3′ and 5′ ends of reads (Chen et al., 2018). After shear, reads with a length of less than 50 bp, an average base mass value of less than 20 and N bases were removed, and high-quality pair-end reads and single-end reads were retained; the reads were compared to the yak genomic DNA sequence,6 and contaminated reads with high similarity were removed using BWA7 (version 0.7.9a) (Li and Durbin, 2009), the final assembly results were obtained by the MEGAHIT8 (version 1.1.2) splicing software, which assembled optimized sequences (Li et al., 2015). Only contigs ≥ 300 bp were selected. The gene sequences expected from all samples (parameters: 90% identity, 90% coverage) were clustered using CD-HIT (Fu et al., 2012). In each class, the longest gene is selected as the representative sequence to construct a non-redundant gene set. The SOAPaligner software was utilized to compare the high-quality reads of each sample to the non-redundant gene set (95% identity), the abundance of each gene in the corresponding sample was then statistics (Li et al., 2008). A total of 801,978,638 original sequences were obtained from the metagenomic sequencing data of 18 samples, each sample had 44,554,369 ± 3,096,896 (mean ± SD) original sequences. After quality control, a total of 633,829,290 optimized sequences were obtained after removing the host genome, with an average of 35,212,738 ± 3,031,722 (mean ± SD) optimized sequences, 79.07% ± 4.63% (mean ± SD) of the original sequence.



2.6 Functional annotation

Annotation of carbohydrate-activating enzymes (CAZy)9 using Diamond (Version 2.0.13) (comparison parameter set expectation e-value of 1e-5), obtaining the relative abundance of CAZyme.



2.7 Determination and analysis of rumen fluid non-target metabolome

First, transfer 200 μL of the sample to a 1.5 mL centrifuge tube, then, add 800 μL of extract (methanol: acetonitrile = 1:1, v/v) and vortex mix for 30 s, extract the sample by low-temperature ultrasonic for 30 min (5°C, 40 KHz); next, precipitate the samples at −20°C for 30 min and centrifuge for 15 min (13,000 g, 4°C, Eppendorf, Centrifuge 5430R), the liquid remaining after centrifugation was moved to a new centrifuge tube and dried using nitrogen purging (JXDC-20, Shanghai, China), the dried sample was then reconstituted in 120 μL of reconstitution solution (acetonitrile: water = 1:1), the sample was mixed using vortexing for 30 s and low-temperature ultrasonic extraction for 5 min at 5°C, 40 KHz. The sample was centrifuged for 10 min at 13,000 g, 4°C prior, The supernatant was transferred to the injection vial with intubated for analysis. The instrument platform used for LC-MS non-targeted metabolomics analysis was an ultra-high performance liquid chromatography tandem Fourier transform mass spectrometry system (UHPLC, Q-Exactive HF-X, ThermoFisher Scientific, Waltham, MA, USA). A total of 3 μL sample was separated by HSS T3 column (100 mm × 2.1 mm i.d., 1.8 μm) and detected by mass spectrometry, the mobile phase A was 95% water + 5% acetonitrile (containing 0.1% formic acid), and the mobile phase B was 47.5% acetonitrile + 47.5% isopropanol + 5% water (containing 0.1% formic acid). Sample mass spectrometry signal acquisition was performed in positive (ESI +) and negative (ESI-) ion scanning modes, with a mass scan range of 70–1,050 m/z. 50 psi, the auxiliary gas flow rate was 13 psi, the auxiliary gas heating temperature was 425°C, the positive-mode ion spray voltage was set at 3,500 V, the negative-mode ion spray voltage was set at −3,500 V, the ion transfer tube temperature was 325°C, and the normalized collision energy was 20-40-60 V cyclic collision energy. The resolution of the primary mass spectrum was 60,000 and the resolution of the secondary mass spectrum was 7,500, and the data were collected in DDA mode. Additionally, 20 μL of supernatant was taken from each sample and combined as a quality control sample. The raw data were imported into the metabonomics processing software ProgenesisQI (Waters Corporation, Milford, USA) for processing, and finally, a data matrix containing retention time, mass-to-charge ratio, and peak intensity was obtained. Eigenvalues with missing values > 20% in each group were eliminated and missing values were filled with minimum values, the data was normalized using the sum method, and a QC verification RSD ≤ 30% was retained, subsequently, statistical analysis was conducted after the log10 transformation, Substitution tests were performed using Partial Least Squares Discriminant Analysis (PLS-DA). The Kyoto Encyclopedia of Genes and Genomes (KEGG)10 database was utilized to confirm the identification of differentially expressed metabolites and assess the impacts of varying energy levels on metabolites.



2.8 Relevance analysis

Differential metabolites of VIP > 2, p-value < 0.05 were selected and based on Bray_Curtis distance, spearman correlation analysis was performed with dominant microbial, differential microbial genus and rumen fermentation parameters (TVFA, acetic acid, propionic acid, iso-butyric acid, butyric acid, isovaleric acid, valeric acid, Acetate/Propionate) and the correlation was visualized by clustering heat map.



2.9 Statistical analysis

Yak body weight data were processed by EXCEL, and the average daily gain of each yak was calculated. Taking the group as the independent variable, the monthly body weight and the average daily gain as the dependent variable, SAS 9.2 software was used for one-way analysis of variance, resulting in means ± SEM error values. Groups were used as independent variables, and VFAs data were used as dependent variables, the VFAs were subjected to one-way ANOVA using SPSS software (Version 26) to determine group differences, with means ± SEM error values reported. Statistical significance was indicated by p < 0.05.




3 Results


3.1 Growth index analysis

Body weight and average daily gain of yaks in three energy groups are included in Table 2. Results indicate that the body weight gain of yaks in HG group was significantly higher than that in LG group during the experimental phase (P < 0.05), while the difference between HG and MG group is insignificant (P > 0.05); a comparison of the Average daily gain shows that yaks in the HG group have statistically significantly higher daily weight gain than those in the LG and MG groups (P < 0.05).


TABLE 2    Comparison of changes in body weight and average daily weight gain of yaks in three treatment group groups.
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3.2 Changes in rumen fermentation parameters

The concentrations of acetate, propionate, iso-valerate and valerate were significantly higher in the HG group than in the other two groups, and the concentration of total VFA and butyrate was significantly higher than in the LG group (P < 0.05); acetate/propionate was significantly higher in the LG group than in the MG group, which was significantly higher than in the HG group (P < 0.05), and the content of iso-butyrate was not statistically significant among the three treatment groups (Table 3).


TABLE 3    Effect on rumen fermentation parameters in yak of diet with different energy content.
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3.3 16S rRNA sequencing analysis

The sequencing data of 18 samples were splicing, filtering, and chimera discarding and 949,241 optimized sequences were obtained, with an average length of 416 bp. The representative sequences of OTUs were classified and analyzed at the 97% similarity level using the RDP classifier Bayesian algorithm, resulting in the acquisition of 2,926 OTUs. Alpha diversity analysis indicated variations in microbial diversity and abundance among the three treatment groups, the Chao1 index showed that the LG group had a higher microbial abundance compared to the other two groups, but the difference was not statistically significant. On the other hand, the Shannon’s index indicated that the MG group had significantly higher microbial diversity than the HG group (P < 0.05) (Figures 1A, B). The results of the Partial Least Squares Discriminant Analysis (PLS-DA) indicate significant variations in the composition of rumen flora among the three dietary groups in yaks. Furthermore, it is noteworthy that the MG group exhibited more pronounced differences compared to the other two groups (Figure 1C). The analysis revealed distinct disparities and formed well-defined clusters.
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FIGURE 1
Rumen microbial communities of the three treatment groups were distinguished based on Alpha diversity and PLS-DA analysis. Differences in Chao1 (A) and Shannon (B) indices of microorganisms in the three treatment groups, different lowercase letters indicate significant differences (P < 0.05). (C) PLS-DA score plot showing good separation between groups.




3.4 Microbial composition of the three treatment groups

A total of 22 phyla, 163 families, and 342 genus of microbiota were identified in the three treatment groups. Venn diagrams were employed to visually represent the shared and unique number of phylum and genus levels among the three groups, the statistical analysis was conducted using R language tools (version 3.3.1). At the phylum level, there were 20 floras in all three treatment groups, with one colony being identical in both the HG and MG groups. Notably, the p__Cloacimonadota colony was exclusively found in the HG group (Supplementary Figure 1A). At the genus level, the HG group displayed the highest number of exclusive floras with 21, while the MG and LG groups had 10 and 3 exclusive floras, respectively (Supplementary Figure 1B). At the phylum level, the most abundant flora (with a relative abundance greater than 1%) in the three treatment groups were Bacteroidota, Firmicutes, and Actinobacteriota (Figure 2A). Similarly, at the genus level, the dominant flora consisted mainly of Prevotella, Rikenellaceae_RC9_gut_group, Christensenellaceae_R-7_group, norank_f__F082, NK4A214_group, Prevotellaceae_ UCG-001, Prevotellaceae_UCG-003, and Ruminococcus. The microbial community’s composition in the three treatment groups is shown in Figure 2B. The bar charts indicate that the three groups have similar dominant genus but differ in their relative abundance. The Kruskal-Wallis rank sum test, conducted on microbial genera samples from the three treatment groups (Figure 2C), revealed that unclassified__o_Bacteroidales exhibited significantly higher levels in the HG group than in the LG and MG groups (P < 0.05). In the MG group, norank_f__Muribaculaceae, Family_XIII_AD3011_group, Papillibacter, Lachnospiraceae_UCG-002, Amnipila, and Defluviitaleaceae_UCG-011, the levels of 6 bacterial groups were significantly higher than those of the other two groups (P < 0.05). Similarly, the Lachnospiraceae_NK4A136_group in the LG group manifested significantly higher levels than the other two groups (P < 0.05). A total of 24 microorganisms exhibiting significant differences within the three treatment groups underwent screening using Linear Discriminant Analysis Effect Size (LEfSe, with LDA threshold of 2). The differential microorganisms uncovered in the LEfSe analysis encompassed the flora observed in the rank-sum test, affirming the differential microorganisms in the various energy groups (Figure 2D).
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FIGURE 2
Microbial community composition and differential analysis of the three treatment groups. Percentage of microbial community abundance at phylum (A) and genus (B) levels for the three treatment groups. (C) Kruskal-Wallis H test to compare differences in microbial composition of the three treatment groups at the genus level. (D) The most representative biomarkers in each treatment group were identified at the genus level using the LDA Effect Size (LEfSe) algorithm. *Indicates that Microbials are significantly different among groups.




3.5 CAZyme composition

Ruminal microorganisms can produce various complex CAZymes, accessing information on CAZymes gene annotation is critical to uncovering the mechanism behind microbial carbohydrate metabolism. A total of 524 CAZyme genes were identified in this study. There were 258 Glycoside Hydrolases (GHs), 89 Glycosyl Transferases (GTs), 79 Polysaccharide Lyases (PLs), 66 Carbohydrate Binding Modules (CBMs), 15 Carbohydrate Esterases (CEs) and 19 Auxiliary Activities (AAs). Figure 3 illustrates alterations in the relative abundance of CAZymes responsible for breaking down diets with varying energy levels within different classes and families. At the class level, the LG group had a higher ratio of PLs and CBMs, while the MG group had significantly increased functional abundance of GHs, CEs, GTs, and AAs. In comparison, only AAs and GTs were abundant in the HG group (Figure 3A). Figure 3 illustrates the changes in the relative abundance of carbohydrate enzymes responsible for the decomposition of diet with different energy levels in different classes and families. At the class level, the proportion of GHs, CBMs and PLs in the LG group was higher, while the functional abundance of AAs and GTs in the HG group was significantly increased. Only CEs were abundant in MG group (Figure 3A).
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FIGURE 3
Metagenomic data from the three treatment groups were subjected to carbohydrate active enzyme analysis. (A) The proportion of CAZyme abundance at the class level in the three treatment groups. (B) The proportion of CAZyme abundance at family level in the three treatment groups.


CAZyme families with abundance greater than 1% were visualized through a Heatmap plot (Figure 3B), revealing significant differences among treatment groups with varying dietary energy levels. GH106, GH109, GH28, and GH78 were highly abundant in the HG group. The abundance of 17 CAZyme families, including GH3, GH97, GH31, CE1, and CE4, increased significantly in MG group. The LG group had lower abundance of 21 CAZyme families, suggesting that unbalanced dietary energy levels can affect genes that encode carbohydrate-active enzymes.



3.6 Metabolomics of rumen fluid

A total of 1,635 metabolites were identified through LC-MS metabolomics analysis. The PLS-DA validated model underwent 200 permutation tests, which were based on PLS-DA scoring of metabolites present in the rumen of the three treatment groups in both cationic and anionic modes (Figures 4A, C): The results indicate proximity between the HG and MG groups, but a clear separation from the LG group. Thus, insights regarding group relationships can be gleaned from the visual examination of a simple fractional spatial clustering model. The intercept of the regression line for Q2 in the PLS-DA validation model is lower than 0, which suggests that the model is reliable and not overfit (Figures 4B, D). Additionally, all of the samples displayed in the PLS-DA score plots lie within the sample confidence circles, indicating that the PLS-DA validation model has high validity.
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FIGURE 4
Rumen metabolomics PLS-DA score plots for the three treatment groups (with QC samples). PLS-DA (A) score plot and PLS-DA permutation test in cationic mode (B). PLS-DA (C) score plot and PLS-DA permutation test in anionic mode (D).


In Figure 5, the rumen metabolic profiles of yaks in the MG and LG groups differed significantly, a total of 339 metabolites (210 cations and 129 anions) were detected in the MG and LG groups. This indicates that the amounts of different metabolites varied with the energy level of the diet. A total of 78 species (including 49 cations and 13 anions) were discovered in the comparison of HG and LG, while 25 species (including 12 cations and 13 anions) were identified in the comparison of HG and MG (VIP > 1 and P < 0.05), 56 out of 442 differentiated metabolites were found to be shared among the treatment groups, suggesting the influence of dietary levels on rumen metabolites. Supplementary Material 1 (HMDB 4.0)11 provided a compound classification of differential metabolites.
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FIGURE 5
Venn analyzed the compositional characteristics of metabolites in the three treatment groups. In the figure, the different colors represent the differential metabolites in different comparison groups, the overlapping part represents the number of metabolites common to multiple metabolic sets, and the bar graph represents the number of metabolites included in each metabolic set.


The OPLS-DA model was used to screen the top 20 differential metabolites in the abundance of WG vs LG and HG vs WG, metabolites that have Variable Importance in Projection (VIP) scores greater than 2 were identified as biomarkers. The following metabolites were found in WG vs LG: 1,3,7-Trimethyluric Acid, 5-Thymidylic acid (DTMP), and phosphatidylcholine [PC(16:0/0:0), PC(P-16:0/2:0), PC(18:3/0:0)], as well as Glycerophosphoethanolamines [PE(18:0/0:0) and PE(P-16:0/0)] were also present. Additionally, Uridine 3′-monophosphate and Uridine-5′-Monophosphate metabolites showed significant differences (Figure 6A), and were mainly concentrated in pathways related to Lipid metabolism, Nucleotide metabolism, and Biosynthesis of other secondary metabolites (Figure 6C). Differences in metabolites, such as (1R*,2R*,4R*,8S*)-p-Menthane-1,2,8,9-tetrol 9-glucoside, Uridine 3′-monophosphate, Uridine-5′-Monophosphate, and Guanidylic acid (guanosine monophosphate), were observed between HG and WG groups (Figure 6B). KEGG functional pathway annotation demonstrated significant enrichment in pathways related to Nucleotide metabolism (Figure 6D).
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FIGURE 6
Differential metabolites and metabolic pathways in rumen fluid of three treatment groups. The differences in rumen fluid metabolites between MG vs LG (A) and HG vs MG (B) are shown by heat maps and VIP values, The tree diagram of metabolites cluster on the left side shows that each column shows a sample, the lower side shows the name of the sample, and each row shows a metabolite. Bar chart showing VIP value on the right. The bars show the different metabolic pathways of the differential metabolites in the rumen fluid of MG vs LG (C) and HG vs MG (D). *Indicates p < 0.05, **indicates p < 0.01, ***indicates p < 0.001.




3.7 Correlation analysis of microorganisms and rumen fermentation parameters with metabolites

Research has revealed that approximately 60% of the metabolites present in rumen fluid are generated by microorganisms inhabiting the rumen (Saleem et al., 2013). Therefore, it is crucial to comprehend the relationship between the two. First, a correlation heat map was constructed using Spearman correlation coefficients to analyze the relationship between the dominant flora and differential metabolites (Figure 7A). The study revealed a significant positive correlation between g__NK4A214_group and the top 30 differentially abundant metabolites, the Christensenellaceae_R-7_group demonstrated a positive correlation with Uridine monophosphate (UMP), LysoPE (18: 2(9Z,12Z)/0:0), Adenosine monophosphate, Adenosine 2’-phosphate, Deoxyguanylic Acid, Phe Gly, Xanthine, Oxypurinol, and N-Acetyl-a-neuraminic acid. The Rikenellaceae_RC9_gut_group exhibited a substantial and positive association with Adenosine monophosphate and Guanosine monophosphate. Additionally, Prevotella, Prevotellaceae_UCG-001, and Prevotellaceae_UCG-003 were associated with Molybdopterin precursor Z, LysoPE (18:2(9Z,12Z)/0:0), Oxypurinol, phosphatidylcholine [PC(16:0/0:0), PC(18:3/0:0)], and glycerophosphoethanolamine [PE(18:0/0:0), PE(P-16:0/0:0), PE(18:1/0:0)] metabolites showed significant negative correlations. The differential flora-metabolite associations revealed that Papillibacter, Lachnospiraceae_UCG-002, Family_XIII_AD3011_group and Amnipila were positively correlated with the top 30 differential metabolites in abundance, g___norank_f___Muribaculaceae showed significant positive correlation with metabolites such as adenosine monophosphate, uridine monophosphate (UMP), LysoPE (18:2(9Z,12Z)/0:0), and N-acetyl-a-neuraminic acid (Figure 7B).
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FIGURE 7
Spearman relationships among rumen microbes, VFAs, and differential metabolites. Spearman correlation between the differential metabolites selected out the three treatment groups and the dominant Microbial (A), differential Microbial (B), and VFAs (C). *Denotes p < 0.05, **denotes p < 0.01, and ***denotes p < 0.001.


We also conducted a correlation analysis between differential metabolites and rumen fermentation parameters (Figure 7C). Our results indicate that TVFA and Acetate had a negative correlation with metabolites including Uridine monophosphate (UMP), Adenosine 2′-phosphate, and Deoxyguanylic Acid, Propionate was found to be significantly and positively correlated with 3,8-Dihydroxy -9-methoxycoumestan and Adenosine 5′-Monophosphate, as well as with the remaining compounds, Iso-butyrate was significantly and positively correlated with LysoPC (18:1(9Z)/0: 0), Xanthine, and Oxypurinol, Butyrate was also significantly and positively correlated with 3,8-Dihydroxy-9-methoxycoumestan, 3′,5′-Cyclic AMP, 2′,3′ cyclic CMP, and Adenosine 5′-Monophosphate. Iso-valerate was positively correlated with 3,8-Dihydroxy-9-methoxycoumestan, Oxypurinol, and Phe Gly. Additionally, Valerate was significantly and positively correlated with 17 compounds. Negatively correlated metabolites included g. glycerophosphoethanolamine [PE(P-16:0/0:0), PE(18:1/0:0)], 2-Hydroxyacorenone, and others. Acetate/Propionate displayed a negative correlation with these metabolites.




4 Discussion

During the dry grass stage on the Tibetan Plateau, the growth performance of yaks decreased under natural grazing conditions, which hindered the development of yak industry. Consequently, there is a pressing need for a change in feeding patterns to promote animal husbandry in the QTP (Long et al., 1999; Xue et al., 2005). Prior research indicates that pre-partum heifers body weight and performance can be enhanced by varying their dietary energy levels (Chen et al., 2022). The study showed that yaks in the MG group had faster monthly growth compared to the LG group, as energy levels increased, yaks in the HG group gained more weight, with a higher average daily gain than the other two groups. This suggests that the energy gradient diets under housed feeding will improve yaks’ growth performance to varying degrees, thus, the excellent traits of yaks will be utilized and the economic benefits of herders will be improved.

Volatile fatty acids (VFA) are products of rumen microbial degradation of substances such as cellulose, pentosans, and proteins, and can provide 70–80% of energy for ruminants (Bainbridge et al., 2018). Diet type and nutritional level, among others, affect the production of VFA (Rabelo et al., 2016). With the increase of the crude fiber content in the diet, the concentration of acetic acid also increased, while the concentrations of propionic acid and butyric acid showed a strong correlation with non-fibrous carbohydrates (NFC) in the diet (Kaufmann and Rohr, 1966). Acetic acid serves as a precursor to fat synthesis in ruminants, whereas propionic acid is crucial for glycogen synthesis in the liver (Young, 1977; Allen, 2014; Liu et al., 2016). An elevated concentration of propionic acid in the rumen is indicative of improved efficiency in energy conversion which is essential for animal weight gain, according to Cui et al. (2023). In this study, the LG group had a lower concentration of propionic acid, likely due to its low non-starch carbohydrate (NFC) content and high neutral detergent fiber (NDF) content. Meanwhile, the HG group exhibited a higher concentration of propionic acid than the other groups, indicating efficient conversion of high-energy diet and accelerated body weight gain. High levels of acetate, propionate, and valerate concentrations have been observed in the rumen of dairy cattle that have high yielding capacity (Xue et al., 2019). Previous research has reported that the concentrations of total VFA and acetate in the rumen of animals fed with high-quality feed increases variedly (Guan et al., 2008). Thus, the elevated level of acetate in the HG group could be attributed to an enhanced growth performance. Additionally, a reduction in ration concentration leads to an increase in the Acetate/Propionate ratio in the rumen (Pang et al., 2022). The LG group exhibited the highest ratio of Acetate/Propionate, aligning with previous findings. Comparatively, Acetate/Propionate in the MG group was lower than the LG, yet higher than the HG, which could have contributed to the suboptimal growth performance of the MG group.

The rumen microbiota plays a critical role in maintaining ruminant health and normal digestive function (Ley et al., 2008). Bacteria in the rumen, the most prevalent and diverse microorganisms, assist fermentation and produce nutrients that provide energy for the host (Saleem et al., 2013; Deusch et al., 2017). This study aims to investigate the impact of feed energy level on yak rumen flora through 16S rRNA high throughput sequencing. Prior studies have reported significant variations in the microbial composition of the host’s gastrointestinal tract in association with different food sources and geographic settings (Amato et al., 2015). Petri et al. (2013) revealed that the rumen core flora in ruminants includes ten bacterial taxa, but their relative abundance may vary. In this study, venn’s analysis showed 20 floras were shared at the phylum level in the three treatment groups, indicating that the core microflora remained unchanged. The diversity index (Shannon) and richness index (Chao1) reflect the distribution of microbial communities in the rumen, and Sonnenburg and Bäckhed (2016) reported that high-fiber rations consumed by ruminants increase microbial diversity in the rumen. We found that the HG group had lower Shannon and Chao1 values compared to the other two groups, which is consistent with previous research. Additionally, PLS-DA analysis revealed that the energy level of the ration played a significant role in the composition of rumen flora, at the phylum level, this study found that Bacteroidota, Firmicutes, and Actinobacteriota were the dominant phyla, which have been reported to make up more than 90% of the bacteria in the gastrointestinal tract (Eckburg et al., 2005). These results are consistent with previous research (Chen et al., 2015; Zhou et al., 2017). Therefore, the bacterial flora operating in the rumen is relatively stable in terms of phylum taxonomy. Bacteroidota express numerous genes that encode carbohydrate-active enzymes, which carry out the fermentation of dietary carbohydrates and produce short-chain fatty acids (SCFA) (Hess et al., 2011; Thomas et al., 2011). In the rumen, Firmicutes is the dominant core bacterium that joins forces with Bacteroidota to break down cellulose and protein (Huo et al., 2014). The abundance of Bacteroidota and Firmicutes in the HG group was lower compared to the other two groups, suggesting a downward trend of both flora with a rise in ration concentration. This aligns with the findings of Nagaraja and Titgemeyer (2007). Actinobacteria has a low abundance within the rumen, however, it plays a crucial role in the formation of biofilms, as well as in the fermentation and digestion of soluble carbohydrates (Pitta et al., 2016).

At the genus level, Prevotella, Rikenellaceae_RC9_gut_group, Christensenellaceae_R-7_group, NK4A214_group, Prevotellaceae_UCG-001, Prevotellaceae_UCG-003, and Ruminococcus were the dominant flora among the three treatment groups. Prevotella has an important role in protein and starch metabolism and has the ability to utilize hemicellulose (Bekele et al., 2010). Through the results of this study, the abundance of Prevotella was increased by the medium energy level diet. Fan et al. (2017) found that Rikenellaceae_RC9_gut_group has an important role in protein degradation. In addition, it has been shown that the relative abundance of Rikenellaceae_RC9_gut_group increases with increasing diet concentration (Pang et al., 2022). In this experiment, Rikenellaceae_RC9_gut_group had the highest abundance in the MG group. Our hypothesis is that the rumen internal environment that develops after feeding yaks with medium-energy level diets is the point of inflection for the linear increase in the abundance of Rikenellaceae_RC9_gut_group. According to Liu et al. (2019), Prevotellaceae_UCG-001 and Prevotellaceae_UCG-003 were found to have a negative correlation with valeric acid and isovaleric acid and facilitated the resynthesis of branched-chain fatty acids through the elongation of valeric acid and propionic acid or through the alteration of α-ketoacids (Bainbridge et al., 2018). The Valeric acid and isovaleric acid concentration of the LG group was low due to the low feed efficiency of the low-energy diet and possibly due to the degradation of VFA by both floras. Additionally observed that Prevotellaceae_UCG-001 and Prevotellaceae_UCG-003 exhibited sensitivity to rumen pH (Mao et al., 2016). Specifically, the high concentration of diet in the HG group led to a decrease in rumen pH, ultimately resulting in a reduction of these two bacterial populations. NK4A214_group, a genus under Firmicutes, is an uncharacterized taxon, with no studies on its function (Amat et al., 2021). However, our present study’s correlation analysis revealed that this flora and 30 differential metabolites, including Adenosine monophosphate, Uridine monophosphate (UMP), and LysoPE (18:2(9Z,12Z)/0:0), were significantly and positively associated, these differential metabolites are enriched in pathways such as energy metabolism, nucleotide metabolism, and the biosynthesis of secondary metabolites. We therefore hypothesize that the NK4A214_group plays an important role in energy metabolism and biosynthesis. A study conducted by Biddle et al. (2013) has demonstrated that Ruminococcus possesses activities that break down cellulose and hemicellulose, resulting in the production of acetic acid, butyric acid, formate, and hydrogen. Liu et al. (2015) discovered that the abundance of Ruminococcus was positively associated with the expression of toll-like receptor (TLR) genes, which stimulate the immune response and sustain the internal environment of the host rumen. Thus, it is possible that Ruminococcus played a regulatory role in the HG group in maintaining stability of the rumen endo-environment in yaks as the energy level of the ration increased. During the variance analysis, it was determined that feeding rations with high energy levels notably boosted the abundances of unclassified_o_Bacteroidales, this outcome could potentially be linked to the rise in VFA concentration and weight gain in the HG group of yaks. Because unclassified Bacteroidales are capable of hydrolyzing starch, degrading proteins, and producing volatile fatty acids (Biddle et al., 2013). The abundance of Norank_f_Muribaculaceae was significantly higher in the MG group than in the other two groups, and it belongs to the S24-7 family, which is associated with the degradation of a variety of complex carbohydrates (Lagkouvardos et al., 2019).

Ruminal microbes efficiently break down plant polysaccharides due to their ability to produce CAZymes (Garron and Henrissat, 2019). To identify CAZymes in the rumen, Metagenomic was used for annotation, among them, GHs, GTs, CEs, and CBMs have been identified as the main carbohydrate-hydrolyzing CAZymes in the rumen (Rabee et al., 2020). In this research, GHs, GTs, and CEs were found to be the most prevalent in the three treatment groups. The GHs family can break down glycosidic bonds of carbohydrates through a direct process (Stewart et al., 2018; Khatoon et al., 2022). GTs primarily catalyze activated sugar molecules and specific acceptor molecules to form glycosidic bonds (Andrade et al., 2017; Tomazetto et al., 2020). CBMs, which are molecules that bind to lignocellulose, possess the ability to promote the breakdown of cellulose/hemicellulose polymers by glycoside hydrolases (Khatoon et al., 2022). CEs play a significant role in breaking down sugar side chains and promoting glycoside hydrolase degradation (Biely, 2012). PLs can contribute to the breakdown of carbohydrates by removing polysaccharide esters with the help of CEs, as noted by Tomazetto et al. (2020). The investigation of the CAZymes family indicated notable distinctions among the three treatment groups as the diet’s energy level increased. Overall, the MG group contained more families of GHs, including beta-galactosidase (GH2), alpha-L-fucosidase (GH95), and beta-glucosidase (GH3, GH97, and GH51) for converting cellobiose, as well as enzymes for UDP-GlcNA (GT41), acetyl xylan esterase (CE1), and arylesterase (CE10). Yaks in the MG group may have a greater ability to break down cellulose and hemicellulose, as beta-glucosidase not only hydrolyzes lactose but also plant polysaccharides catalyzed by microbial cellulases (Lee et al., 2012). Previous studies have shown the importance of β-glucosidases, specifically GH3, GH51, and GH97, in converting cellobiose to enhance cellulose hydrolases (Chen H. L. et al., 2012). Acetyl xylan esterase (CE1) is an enzyme that is vital for breaking down hemicellulose. Xylan is a significant constituent of plant hemicellulose, and it is made up of a backbone of β-1,4-linked xylopyranoside residues that are decorated with acetyl side groups (Yoshida et al., 2010). It has been observed that the abundance of CAZymes decreased in the HG group as compared to the WG. Previous research has indicated that feeding high levels of diets may lead to a decrease in CAZymes that hydrolyze specific glycosidic bonds (Barrett et al., 2022; Liang et al., 2023). A decline in the CAZyme family implies a reduction in the hydrolytic ability of rumen microorganisms to break down diets. The primary colonies in the rumen that produce CAZymes consist of Prevotella, Clostridium, Alistipes, and Eubacterium, according to Shen et al. (2020) research. In the current study, it was found that there was a significant increase in the abundance of certain microbiota in the MG group. This led to changes in the internal environment of the rumen, which subsequently affected the function of the microbial population. As a result, the digestion of the ration was also impacted.

Metabolomics data can offer greater insight into the impact of diet on the rumen (Vinayavekhin et al., 2010). Notably, the differential metabolites screened in LG compared to WG were highly expressed in the WG group. Phosphatidylcholine [PC(16:0/0:0), PC(P-16:0/2:0), PC(18:3/0:0)] is a crucial component of cell membranes, playing a vital role in lipid metabolism and cellular activity. Phospholipidation is also essential for transporting substances into the cell (Santos and Lima, 2007). Shahsavari et al. (2016) discovered that choline plays an important role in preventing fatty liver and ketosis in high-yielding dairy cows, choline does this by contributing to sugar-lipid metabolism in the rumen. This study found that choline is highly expressed in both MG and HG, indicating that phosphatidylcholine is essential for assimilating high-energy diets. Intergroup differences were observed for 1,3,7-Trimethyluric acid, which is involved in caffeine metabolism and is a derivative of uric acid. The compound promotes dopamine and norepinephrine secretion (Tassaneeyakul et al., 1994). An increase in dopamine affects growth hormone (GH) synthesis and secretion, which promotes animal growth (Terry and Craig, 1985). Therefore, the increase in 1,3,7-Trimethyluric Acid in the MG group facilitated the animals’ growth. Glycerophosphoethanolamine [PE(18:0/0:0) and PE(P-16:0/0:0)] is vital for the synthesis of glycosylphosphatidylinositol-anchored proteins (GPI-AP) and promotes quick development of animal cells; however, it must be obtained through diet (Kano-Sueoka et al., 2001; Patel and Witt, 2017). Our hypothesis is that ethanolamine phosphate may contribute to muscle growth in yaks. Uridine 3′-monophosphate and Uridine-5′-monophosphate are pyrimidine nucleotides utilized as raw materials for RNA synthesis. Uridine monophosphate can cross the blood-brain barrier and upon absorption, undergoes conversion to cytidine triphosphate. This compound then combines with diacyl glycerol to form phosphatidylcholine, which subsequently participates in the biological process of phosphatidylcholine (Cornford and Oldendorf, 1975; Cansev, 2006). Previous studies have shown a correlation between changes in metabolite concentrations and alterations in the abundance of rumen microbiota (Huang et al., 2021). We found that differential microbiota such as g__NK4A214_group, Papillibacter, norank_f__Muribaculaceae, and Family_XIII_AD3011_group were significantly positively correlated with the screened differential metabolites, and it was mainly concentrated in MG group. This result further emphasizes the significance of rumen microbiota in producing high-concentration metabolites. Increasing the energy level of the ration enhanced TVFA concentration and growth performance in yak rumen. However, it led to a decrease in microbial abundance and metabolites. According to Chen Y. et al. (2012), a prolonged diet of high grain rations leads to an increase in the abundance of Streptococcus bovis in the rumen. This results in higher production of lactic acid and a decrease in rumen pH. In the present study, it was found that rumen flora counts were generally lower in the yaks of the HG group. This may be because the experimental samples were collected at the end of the feeding period, which changed the environment suitable for microbial survival during prolonged feeding of high-energy diets, inhibiting rumen microbial activity and ultimately affecting the productivity and rumen health of yaks.



5 Conclusion

We synthesized and analyzed the effects of dietary energy levels on yak growth performance by combining yak body weight data, rumen fermentation parameters, 16S rRNA, Metagenomics, and metabolomics data. The results of the experiment indicate that high energy-level rations increase VFA production in yaks, leading to a significant increase in their body weight. However, this increase was observed alongside a decrease in the abundance of rumen microorganisms and weakened functions related to cellulose degradation (e.g., GHs, CEs). The diet for medium energy groups not only increased the relative abundance of ruminal microbes and metabolites but also improved the Microbial ability to degrade carbohydrates. This diet was found to be effective in promoting weight gain while ensuring good rumen health. Therefore, it is recommended to use the medium energy group diet for fattening yaks during the Dry grass stage. Comprehensively analyzing the impact of energy level in rations on yak feeding basic data are provided for the development of the yak industry on the Tibetan Plateau. Furthermore, it delivers a new understanding regarding the metabolites and microbial functions of yaks.
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Intestinal parasites, such as Eimeria, are common among plateau pika (Ochotona curzoniae). The gut microbiome is an essential driver of the host response to gastrointestinal parasites. However, the effects of intestinal protozoal parasites on the temporal variations in the gut microbiome and behavioral and physiological activities remain unknown. Our study conducted treatments involving experimental feeding of pika with Eimeria oocysts or anticoccidia under laboratory conditions to focus on the parasite-associated alterations in gut bacterial communities, host behavioral activity, physiology, and host–bacteria relationships. The results showed insignificant differences in bacterial community structures among treatments on the basis of Bray–Curtis distance metrics, whereas the patterns of temporal alterations in the bacterial communities were changed by the treatments. Bacterial alpha diversities did not vary with the treatments, and experimental feeding with Eimeria slowed down the decrement rate of alpha diversity. Furthermore, few bacterial members were significantly changed by the treatments—only the genus Ruminococcus and the species Ruminococcus flavefaciens, which were associated with energy metabolism. Experimental feeding with Eimeria modified the temporal variations in the bacterial members, including a lower loss rate of the relative abundance of the dominant families Muribaculaceae and Ruminococcaceae in the group with Eimeria experimental feeding. Moreover, a shifting energy trade-off was suggested by the parasite-induced increments in thyroid hormones (triiodothyronine and tetraiodothyronine) and decrements in exploration behavior in the group with Eimeria feeding. However, we did not detect specific connections between gut bacterial communities and pika behaviors and physiology in terms of energy trade-offs. Further in-depth research is needed to examine the role of Eimeria-modified differences in the gut bacteria of plateau pika.
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1 Introduction

The digestion tract hosts a large number of microorganisms that can regulate animal metabolism, nutrition, immunity, behavior, and physiology (Tremaroli and Bäckhed, 2012; Brosschot and Reynolds, 2018; Carrasco et al., 2019; Madlala et al., 2021). Changes in gut microbial community composition are likely to be interconnected with functional changes in gut microbiomes, which in turn alter the host’s health (Wang et al., 2022). Most of the changes in gut microbiomes are host responses to the effects of various factors, and these changes commonly affect host health (Hauck, 2017).

The digestive tract of wild animals is commonly infected by parasites in nature (Gulland, 1995). Gut microbial communities are changed by parasitic infections (Lee et al., 2014; Kreisinger et al., 2015; Trzebny et al., 2023). For example, mice had an increased abundance of gut microbiota and a high relative abundance of Bacteroides in the intestine after being infected with the nematode parasite Trichinella spiralis (Xing, 2017). The gut microbial diversities modified by parasitic infections can be decreased (Cattadori et al., 2016), unchanged (McKenney et al., 2015), or increased (Broadhurst et al., 2012). Meanwhile, microbial compositions commonly change after parasitic infection (Paris et al., 2020). For instance, the relative abundance of S24-7 (Bacteroidetes) is increased by the presence of parasitic tapeworms in Apodemus flavicollis (Kreisinger et al., 2015). Gut parasites generally interact with the gut microbiota, and such interactions may alter gut microbial communities (Glendinning et al., 2014). The interactions include food nutrient competition, which reduces the available nutrients for microorganisms and animal hosts (Stensvold and Giezen, 2018), thus altering the intestinal microbial communities (Trzebny et al., 2023). In addition, intestinal parasites can disrupt gut metabolites, alter the physico-chemical characteristics of the intestinal environment, and affect the quantity and structure of the gut microbiota (Wang et al., 2023).

Gut parasites affect the structure and function of the gut microbiota, which in turn influences the behavior and physiology of the host (Stensvold and Giezen, 2018; Madlala et al., 2021). Parasite-associated variations in gut microbial communities are followed by shifting interactions among gut microbiota, parasites, and the host, with the host experiencing harmful, neutral, or beneficial effects (Hauck, 2017; Cortés et al., 2020b; Drew et al., 2021). Shifts in gut microbial communities may favor the growth of other pathogens (Antonissen et al., 2016), increase resistance against infection damage (Brosschot and Reynolds, 2018; Gao et al., 2020), or enhance the persistence of parasitic infection (Reynolds et al., 2014). Therefore, the relationships among parasites, animals, and gut microbiota are complex. Studying the relationship among wildlife, parasites, and gut microbiota is crucial for understanding species coexistence.

Plateau pika (Ochotona curzoniae) is a keystone species on the grassland of the Qinghai–Tibetan Plateau, which is widely distributed in the Qinghai–Tibetan Plateau (Li H. et al., 2016; Yu et al., 2022). Pikas have many ecological functions in grassland ecosystems (Smith et al., 2019). The population density of pikas is closely correlated with grassland ecosystems (Wei et al., 2023). For example, an appropriate population density of pikas may increase vegetation diversity, promote soil water infiltration, and provide food sources for carnivorous animals (Smith and Foggin, 1999). Specifically, when the density of pikas is between 20 and 42 burrows/mu, plant diversity is improved by pika disturbance (Pang and Guo, 2018). However, a population density that is too high can damage ecosystems and lead to grassland degradation (Zhao et al., 2020). For instance, when the density of pikas exceeds 470 burrows/mu, soil nutrients, such as nitrogen and phosphorus, are reduced, and ecosystem function is damaged (Yu et al., 2017). At present, in many sites on the Qinghai–Tibetan Plateau, the population density of pikas is too high, resulting in a severe ecological problem.

Eimeria is a common parasite in the intestines of pikas, and Eimeria infection may lead to the death of pikas (Bian et al., 2011; Du et al., 2012). Therefore, Eimeria may be a potential ecological control agent for controlling plateau pika. Although many studies have been conducted on the relationship between the dose of Eimeria and the mortality rate of plateau pikas, whether Eimeria infection affects the gut microbiota, physiology, and behavior of plateau pikas remains unclear. Studying this issue can help in understanding the inherent relationships between parasitic infections and hosts.

In this study, we used plateau pikas as a model and performed high-throughput sequencing and behavioral and physiological tests to explore the mechanism of the effects of Eimeria infections on the intestinal microbes, behavior, and physiology of wild animals. The aim was to elucidate the internal mechanism of the effect of parasitic infections on animals and provide a scientific basis for further development of biological control technologies for plateau pikas. We hypothesized that experimental feeding with Eimeria considerably changes the gut bacterial community, the behavioral, physiological, and metabolic characteristics, and their relationships. We aim to answer the following questions: (1) How do the behavioral, physiological, and metabolic characteristics and gut bacterial communities of pikas vary with Eimeria? (2) Do the relationships between gut bacteria and pika behavioral, physiological, and metabolic characteristics vary among treatments? (3) What is the role of these variations in the parasites or host?



2 Materials and methods


2.1 Capture and treatment of wild plateau pikas

The experimental site for capturing wild animals is located in Menyuan Hui Autonomous County, Haibei Tibetan Autonomous Prefecture, Qinghai Province (37°56′N, 101°41′E; 3,062 m). The region has a plateau continental climate, with cold and dry winters and cool and humid summers. The average daily temperature difference is 11.6°C–17.5°C, and the annual sunshine duration is 2,232–2,741 h (Mi and Zhang, 2016).

In September 2020, 30 healthy adult plateau pikas weighing over 130 g were live captured using the string trap method. The pikas were brought back to the laboratory, and each pika was raised in a single cage (450 mm × 289 mm × 180 mm) in the animal feeding room of the Northwest Institute of Plateau Biology, Chinese Academy of Sciences. The bottom of the cage was covered with sawdust. With reference to the study of Bian et al. (2011), the cage was washed daily and scalded with boiling water, and sufficient water and standard rabbit pellet feed were provided (Beijing Ke’ao Xieli Feed Co., Ltd.). Room temperature and photoperiod were the temperature and illumination of the natural environment, respectively.



2.2 Experimental design

Coccidia oocysts were isolated from the intestinal content mixture of several plateau pikas that died of coccidiosis. We collected a 2 g mixture and added it to 5 mL of a 0.8% sodium chloride solution. After thorough grinding, the mixture was centrifuged at a speed of 3,000 rpm for 5 min. The sediment was isolated and collected as oocyst fluid. The isolated coccidia oocysts were stored in a 2.5% potassium dichromate solution and sporulated in a constant-temperature incubator at 27°C. Eimeria oocysts were obtained after the proliferation of multiple egg sacs. The oocysts were mixtures of Eimeria species that were isolated from the intestinal contents of the dead plateau pikas. In this experiment, sodium sulfaclopyrazine was used as a drug to suppress coccidia. Sodium sulfaclopyrazine can compete with cyanobenzoic acid for dihydrofolate synthetase, impede dihydrofolate synthesis, and ultimately affect the synthesis of nuclear proteins, thus inhibiting the growth and reproduction of coccidia (Zhang et al., 2012). The anticoccidial index (ACI) was used as a drug efficacy indicator. The judgment criteria were as follows: ACI ≤ 120 was invalid, 120 < ACI ≤ 160 denoted low efficiency, 160 < ACI ≤ 180 indicated medium efficiency, and ACI > 180 was considered to be highly effective. Previous experiments on using sulfaclopyrazine sodium for the prevention and treatment of intestinal coccidia have shown that ACI is 147–197, which indicates a good effect on repelling coccidia (Xue et al., 2012).

After 1 month of laboratory domestication, 30 plateau pikas were randomly divided into three groups. Each group consisted of 10 individuals. The first group was fed with 20× effects of 105 Eimeria/mL and labeled as Group PA+. The second group was fed with sulfaclopyrazine sodium as an equivalent of ACI (the ratio was 0.0012× body mass of pika, and physiological saline was added to 1 mL) and labeled as Group PA−. The third group was fed with 1 mL of normal saline and labeled as Group C (control). Previous studies have shown that the schizogenesis of Eimeria mainly destroys the intestinal tissue of the host (Cai et al., 2001).

In accordance with the pathogenicity cycle of Eimeria, experimental data were collected at four time points, that is, days 0, 5, 8, and 18 of the experiment. The behavior (exploration activity), physiological characteristics (cortisol, triiodothyronine [T3], tetraiodothyronine [T4], resting metabolic rate, and weight), Eimeria oocyst number, and intestinal microorganisms of the plateau pikas were measured at each time point for each experimental individual.

The cages were washed daily and scalded with boiling water to prevent cross-contamination by oocysts. At 7:00 a.m. on each test day, the leftovers from the day before were collected, and 50 g of new feed was placed in each cage. Sterile tweezers were used to collect 6 g of fresh feces from each cage, and the feces were divided into five packages. Five parts were placed in a sterile frozen storage tube, which was marked afterward. The first four samples were stored in a refrigerator at −80°C, and the fifth sample was stored in a refrigerator at 4°C. The samples were used for the determination of cortisol, T3 and T4 contents, and the numbers of coccidian oocysts and intestinal microorganisms. Subsequently, the behavior and physiological parameters, including exploration activity, body mass, and resting metabolic rate, of the plateau pikas were measured.



2.3 Determination of the number of Eimeria oocysts

McMaster’s method was utilized to count the number of coccidia oocysts in the feces (REF). A total of 2 g of feces was added to 20 mL of saturated saline, mixed well, and filtered through 40- and 100-mesh filter sieves. Exactly 1 mL of the filtrate was taken and added to 9 mL of water. After fully mixing the diluent, a capillary pipette was used to suck out a small amount of liquid. The liquid was dropped into the counting chamber of the McMaster counter, which was then placed on a microscope table. After a few minutes, we used a low-power microscope to count all the coccidian oocysts in the two counting chambers. The average value was obtained and converted into the number of coccidian oocysts per gram of feces.



2.4 Physiological trait measurement

The resting metabolic rate (RMR) of the plateau pikas was measured using a portable animal respiratory metabolic measurement system. The animals were placed in a transparent breathing chamber located in a thermostat. The heat-neutral zone of pika is in the temperature range of 25°C–30°C (Wang et al., 1993), within which the minimum basic or static metabolic rate level is maintained (Bligh and Johnson, 1974). The thermostat temperature was set to 27°C. The sampling interval for each channel was set to 3 min, and the airflow rate from the air pumped into the breathing chamber was set to 600 mL/min. The first breathing chamber served as a blank control, and the three other breathing chambers were filled with pikas. The metabolic rate of the pikas was measured after 30 min of adaptation. The measurement was repeated 10 times for a total of 2 h. The determination followed the method in the literature (Otálora-Ardila et al., 2017).



2.5 Monitoring and analyses of behavioral activity

The exploration activity of the plateau pikas was measured using the open field test. In consideration of the activity rhythm of the plateau pikas, the exploration activity was measured from 8:00 a.m. to 11:00 a.m. The open field consisted of opaque acrylic panels with a bottom area of 50 cm × 50 cm. The center bottom (40 cm × 40 cm) was marked as the central area, and the area outside the central area was marked as the edge area. The individual to be tested was gently placed in the open field. A camera was used to record the behavior of the individual within 3 min. The EthoVision IX Animal Motion Tracking System was employed to analyze various pika behaviors, including dwell times and transit frequencies in the central and marginal areas (Qu et al., 2018, 2019). Exploration activity was determined based on the time that the animals stayed in the central area of the open field and the number of times they crossed the center. After each measurement, 75% alcohol was used to wipe the open field and clean up the residual feces, urine, and hair to avoid affecting the subsequent measurements.



2.6 Fecal extraction and measurement of cortisol and thyroid hormones

Enzyme-linked immunosorbent assay (ELISA; Palmer et al., 2007) was used to measure the content of cortisol in the pika feces. After thoroughly grinding the pika fecal sample, 0.1 g of feces was used to prepare the extract at a 1:9 ratio. The homogenate was added to fully extract cortisol. Then, the extracting solution was placed in a 4°C freezer for 12 h and centrifuged at 3,000 r/m for 5 min at 4°C. The supernatant was obtained to test the concentration of cortisol by conducting ELISA kit testing.

Thyroid hormone (serum T3 and T4) levels are related to energy metabolism. When stimulated by external or internal factors, the concentrations of T3 and T4 increase, and the body’s energy consumption increases. On the contrary, when the secretion of T3 and T4 is too low, the metabolic rate decreases, reducing energy consumption (Eales, 1988). Thyroid hormone levels indirectly reflect energy consumption. After fully grinding the pika feces sample, 0.1 g of feces was added to a certain amount of phosphate buffer salt (PBS; pH 7.4) and quickly frozen with liquid nitrogen for storage. After the sample had melted, a certain amount of PBS (pH 7.4) was added. The homogenate was mixed thoroughly at 3,000 r/min and centrifuged at 4°C for 20 min. The supernatant fluid was collected to determine T3 and T4 using the ELISA kit.



2.7 DNA extraction and amplicon sequencing

A total of 120 fecal samples were collected to explore the pika gut bacterial communities. An animal fecal DNA isolation kit (DP 328, Tiangen, China) was used to extract the total sampling genomic DNA. DNA concentration and quality were assessed through spectrometry absorbance (A260/A280) using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, IL, United States). Polymerase chain reaction (PCR) amplification and gel extraction were performed with the methods of Li H. et al. (2016). The primers for bacteria detection were primer pairs 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GGACTACHVGGGTATCTAAT-3′).

The V3–V4 region of 16S rDNA was amplified using specific primers with a barcode. The 16SrRNA gene of pika intestinal microorganisms was amplified using primer sequences 341F CCTACGGNGGCWGCAG and 806R GGACTACHVGGGTATCTAAT. The 25 μL PCR reaction system was a 1 μL DNA template with a pair of primers of 1 and 12.5 μL each × Taq Platinum PCR Mix and 9.5 μL of ultrapure sterile water. The PCR amplification procedure was predenatured at 94°C for 3 min, denatured at 94°C for 30 s, annealed at 55°C for 30 s, and extended at 72°C for 1 min for a total of 30 cycles. Annealing was performed at 72°C for 5 min, and the temperature was reduced to 4°C. Then, 5 μL of the reaction product was detected by electrophoresis on agarose gel with 2% concentration at 40 V for 40 min. After electrophoresis, the gel was cut and recycled, and the PCR product was purified. The purified amplification product (i.e., amplified fragment) was connected to a sequencing connector, a sequencing library was constructed, and Illumina was adopted for sequencing (Ion S5™ XL).

Low-quality reads were filtered through Usearch software, and dual-ended reads were spliced into tags. Low-quality filtering was performed on the tags, and a total of 13,545,576 high-quality clean reads were collected. Next, on the basis of the clean tags, clustering using USEARCH software was applied to remove the chimeric tags detected during the clustering process, and the abundance of operational taxonomic units (OTUs) and representative OTU sequences was determined. The dilution curve of the alpha diversity index was calculated using QIIME 1.9 software to confirm that the sequencing depth was sufficient to meet the requirements of this experiment. QIIME software was also used to calculate various alpha diversity indices, including observed species and Shannon indices, and R statistical software was employed to statistically test the alpha diversity indices of the three treatment groups. R statistical software and Bray–Curtis distance were adopted to calculate and visualize various beta diversity distances and determine the difference in the intestinal microbial structures of the plateau pikas in the various groups. The statistical testing methods included Welch’s t-test, the Wilcoxon rank sum test, and ADONIS. p < 0.05 indicated a significant difference.



2.8 Statistical analysis

The differences in the physiological indicators, behaviors, and hormones of the pikas in the different groups were analyzed using the one-way ANOVA. A univariate analysis of variance was also performed for the differences in intestinal microbial populations among the different groups. The relationship between time and gut microbial or physiological hormone indicators was determined via linear regression analysis. The relationship between various factors and intestinal microorganisms was analyzed using PERMANOVA with R packets. The relationship between intestinal microorganisms and various physiological and metabolic behavioral factors was analyzed using the Spearman correlation. Network analysis was performed using Gephi software, and the relationships between intestinal microorganisms and physiological and metabolic indicators in the three treatment groups were determined.




3 Results


3.1 Variations in the Eimeria oocyst number, behavior, and physiology of pikas

When the pikas were fed with Eimeria (Group PA+), the number of Eimeria oocysts and the fecal T3 and T4 contents were significantly higher than those in Group C (control group), but the exploration activity was significantly lower (p < 0.05; Figure 1A). The number of Eimeria oocysts in the group with anticoccidia (Group PA−) declined by 58.92%, and the T3 and T4 contents significantly increased compared with Group C (p < 0.05; Figure 1A). For Group PA+, cortisol increased significantly with time (R2 = 0.249, p = 0.001), whereas exploration activity declined (R2 = 0.100, p = 0.047). For Group PA−, exploration activity and T3 and T4 levels increased significantly as time increased, whereas oocyst number decreased significantly (Figure 1B).
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FIGURE 1
 Variations in the number of Eimeria oocysts, physiological traits, and exploration activity of the pikas with (A) treatments and (B) raising time. Different lower-case letters indicate a significant difference at p < 0.05.




3.2 Variations in the gut bacterial communities of pikas

With regard to the compositions of the pika gut bacterial communities, the pika gut bacterial communities were dominated by Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia at the phylum level (more than 96% relative abundance; Supplementary Figure S1A). At the family level, the bacterial communities were primarily Muribaculacceae, Christensenellaceae, Akkermansiaceae, and Erysipelotrichaceae (Supplementary Figure S1B). At the genus level, the four genera with the highest relative abundance were Christensenellaceae_R-7_group, Akkermansia, Psychrobacter, and Aerococcus (Supplementary Figure S1C).

The bacterial community structures showed no significant difference among the treatments at each raising time stage according to the Bray–Curtis distance metrics (p > 0.05 based on Adonis [PERMANOVA]; Figure 2). No bacterial taxa shifted significantly among the treatment groups at phylum (mean relative abundance >0.1%) and family (mean relative abundance > 1%) levels. Meanwhile, the relative abundance of one genus (mean relative abundance > 1%), Ruminococcus, was significantly higher in Group PA− than in Group C and PA+ (p < 0.05; Supplementary Figure S2A). The relative abundance of one species (mean relative abundance > 1%), Ruminococcus flavefaciens, was significantly higher in Group C than in Group PA+ (p < 0.05; Supplementary Figure S2A). However, the changed genus and species were not significantly correlated with raising time (Supplementary Figure S2B). At the OTU (mean relative abundance > 0.01%) level, Group PA+ had more enriched OTUs compared with Groups C and PA−, and more OTUs were enriched in Group PA− compared with Group C (p < 0.05; Figure 3). These OTUs mainly belonged to the family Muribaculacceae. We also analyzed the variation patterns of the gut bacterial community structures along raising time by performing an indicator analysis at phylum, family, genus, species, and OTU levels. The results showed that the variation patterns differed among the various treatments (Supplementary Figures S3–S7).
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FIGURE 2
 Principal coordinate analysis (PCoA) plots showing the difference in bacterial community structures between different groups based on Bray–Curtis distance metrics. The percentage of variance for each principal coordinate axis is shown in parentheses. D0 designates the experimental day 0, D5 designates the experimental day 5, D8 designates the experimental day 8, and D18 designates the experimental day 18. PA+ designates the group with feeding Eimeria, PA− designates the group with deworming Eimeria, and C designates the control group.
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FIGURE 3
 Significantly changed OTUs of pika gut bacterial communities and OTU levels in the different treatments. PA+ designates the group with feeding Eimeria, PA− designates the group with deworming Eimeria, and C designates the control group.


With regard to the diversity of the gut bacterial communities, no significant differences in observed species or Shannon diversity were found among the treatment groups (p > 0.05; Figures 4A,B). Notably, alpha diversity (observed species and Shannon diversity) significantly declined with raising time in all the treatment groups (p < 0.05; Figure 4B). The decrement rate of alpha diversity was the highest in Group PA−, followed by Group C, and the lowest in Group PA+ (Figure 4C). For beta diversity, the similarity was the highest in Group PA+, followed by Group PA−, and the lowest in Group C according to the Bray–Curtis distance matrix (p < 0.05; Figure 5A). The within-group similarities among the treatments had no significant difference on day 0 but were significantly higher in Group PA+ than in Group C on days 5 and 18 (p < 0.05; Figure 5B). The within-group dissimilarity significantly increased with increasing raising time in each treatment group (p < 0.05; Figure 5C). The treatment with experimental feeding of Eimeria or anticoccidia slowed down the increased rate of within-group dissimilarity (Figure 5C). The between-group dissimilarity was significantly magnified along raising time in all the groups (p < 0.05; Figure 5C).
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FIGURE 4
 Variations in the observed species and Shannon diversity of pika gut bacterial communities (A) among treatments, (B) among groups, and (C) along raising time.
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FIGURE 5
 Variations in the beta diversity of pika gut bacterial communities (A) among treatments, (B) among groups, and (C) along raising time based on Bray–Curtis dissimilarity. One asterisk (*) indicates a significant difference at p < 0.05, two asterisks (**) indicate a significant difference at p < 0.01, and three asterisks (***) indicate a significant difference at p < 0.001.




3.3 Variations in the correlations between gut bacterial communities and the number of Eimeria oocysts, behavior, and physiology of pikas

In Group C, T3, RMR, body mass, and raising time were significantly related to the bacterial communities. Oocyst number, cortisol, T4, and exploration activity were significantly correlated with the bacterial communities in Group PA+. In Group PA−, RMR, exploration activity, and increase in time were correlated with the bacterial communities (Figure 6A; Supplementary Table S1). The correlations of factors with the relative abundance of OTUs were also analyzed. Significantly positive correlations were found between oocyst number and the relative abundance of OTUs in each treatment group (p < 0.05; Figure 6B). The OTUs that were significantly correlated with the factors mainly belonged to the families Akkermansiaceae, Muribaculacceae, Prevotellaceae, and Ruminococceae (Figure 6B).
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FIGURE 6
 Variations in (A) the driving factors of pika gut bacterial communities and (B) significant correlations of the driving factors with the relative abundance of bacterial OTUs (p < 0.05). The red lines mean significantly positive correlations, and the green lines mean significantly negative correlations.


The relative abundance of OTUs belonging to the family Akkermansiaceae increased significantly with raising time in all the groups (Figure 6B; Supplementary Figure S8). The frequency of the significantly positive correlations between raising time and the relative abundance of OTUs belonging to Muribaculacceae was 28.57% in Group PA− and 28.07% in Group PA+; both values are much higher than the 1.85% in Group C. Furthermore, the frequency of significantly positive correlations between raising time and the relative abundance of bacterial OTUs belonging to the family Prevotellaceae was the highest in Group PA+ (87.05%), followed by Group PA− (33.33%), and the lowest in Group C (0.00%). Meanwhile, the relative abundance of OTUs belonging to Ruminococceae was significantly negatively correlated with raising time in Groups PA− and C, and 94.43% of the OTUs were negatively correlated with raising time in Group PA+ (Figure 6B; Supplementary Figure S8).

To explore the variations in the four families to which the factor-correlated OTUs mainly belonged, we analyzed the variations in the OTU number and relative abundance of the four families. The results showed that Group PA+ had more OTUs belonging to Muribaculacceae compared with Group C. Group PA− had more OTUs belonging to Prevotellaceae compared with Group C. Meanwhile, the number of OTUs belonging to Akkermansiaceae in Group PA+ was larger than that in Group PA− (p < 0.05; Supplementary Figure S9A). The treatments changed the variation rate of the relative abundance of Muribaculacceae along raising time. There was a significantly negative correlation with raising time in Group C, but no significant correlations were found in Groups PA+ and PA− (Supplementary Figure S9B). The treatments accelerated the decrement rate of the relative abundance of Ruminococceae. Specifically, a significantly negative correlation was observed between the relative abundance of Ruminococceae and raising time in Groups PA+ and PA− but not in Group C (Supplementary Figure S9B). Moreover, the treatments slowed down the reduction rate of the OTUs in Muribaculacceae and Prevotellaceae but accelerated the reduction rate of the OTUs in Ruminococceae. Meanwhile, the number of oocysts was positively correlated with the OTU number of Akkermansiaceae in Group PA− (R2 = 0.138, p = 0.025; Supplementary Figure S9B).




4 Discussion


4.1 Parasite-associated differences in gut bacterial communities

The gut microbiota structure commonly changes with interventions for parasitic infection (McKenney et al., 2015; Brosschot and Reynolds, 2018; White et al., 2018; Kupritz et al., 2021). However, our data showed no significant difference in gut bacterial structure among the treatments at each time stage but revealed significant Eimeria infection-induced changes in the host gut bacterial members. The first reason for this inconsistency may be associated with the host and parasitic species. Second, the present study is based on parasitic infection intensity rather than parasite colonization or absence of colonization in the host gut. The third reason may be related to the current study’s sample size. Although we have strived to conduct this study by using as many as possible samples, the available replicates were only 10 pikas in each treatment group. This small sample size may have influenced our results based on the random variations or specific characteristics of the individuals within the sample, leading to limited findings.

Parasite-modified changes in gut microbial members are generally related to shifts in microbial functions (Peachey et al., 2017) and react to parasites (Wang et al., 2023). For example, parasitic infections in mosquitoes (Culicidae) are characterized by some bacterial taxa that can biosynthesize ansamycin and vancomycin antibiotics and the pentose phosphate pathway (Trzebny et al., 2023). In our study, the highest relative abundance of the genus Ruminococcus was found in the treatment with anticoccidia, and the highest relative abundance of the species Ruminococcus flavefaciens was observed in the control group. The significantly varied OTUs in the treatments were mainly members of the family Muribaculaceae and enriched in the treatment involving Eimeria feeding. These differences in bacterial members in our study might be associated with parasite-modified energy metabolism patterns. The genus Ruminococcus is an important taxonomic rank that degrades and converts polysaccharides into nutrients (Reau and Suen, 2018). The members of Muribaculaceae are versatile in terms of complex carbohydrate degradation (Lagkouvardos et al., 2019) and generalists in terms of mucosal sugar utilization (Pereira et al., 2020). This feature indicates that the host might mobilize energy to respond to parasitic infections (Nadler et al., 2021) by altering bacterial communities.

Parasite-induced variations in gut microbial compositions are usually accompanied by differing diversities (Lee et al., 2014; Cortés et al., 2020a). Our results showed no significant changes in gut bacterial alpha diversity among the treatments over the course of the trial. Although the alpha diversity of microorganisms may change due to parasitic interference (Broadhurst et al., 2012; Cattadori et al., 2016; Lu et al., 2021), it may not always vary. Decrements in alpha diversity caused by parasitic infections were observed in some studies (Holm et al., 2015; Cattadori et al., 2016), whereas other studies reported elevated alpha diversity due to parasites (Broadhurst et al., 2012; Lee et al., 2014; Andersen and Stensvold, 2016). Consistent with our study, a few studies showed that gut microbial alpha diversities remain unchanged after parasitic infections (Kreisinger et al., 2015; McKenney et al., 2015; Li R. W. et al., 2016). These different gut microbial responses of hosts to parasites might be associated with the different host species and parasites (Barelli et al., 2021). However, the variable response patterns of the host gut microbe to parasitic infections are difficult to ascertain because of the complex interactions between gut microbiota and parasites. For example, while helminth infection might result in increased (Andersen and Stensvold, 2016), decreased (Cattadori et al., 2016), or unchanged (McKenney et al., 2015) gut microbial alpha diversity, so does coccidium infection (Macdonald et al., 2017; Lu et al., 2021). On the other hand, the different parasites might have different effects on the gut microbes of the same host species. For instance, the gut bacterial species observed in human children showed no change after Cryptosporidium infection but decreased after Giardia intestinalis infection and increased after Ascaris infection coinfected with Cryptosporidium or Giardia intestinalis (Toro-Londono et al., 2019).

Different from alpha diversity, beta diversity based on the Bray–Curtis distance of dissimilarity within groups was the highest in the control group and the lowest in the group with anticoccidia in the present study. This finding reflects the convergence of gut microbial communities caused by parasitic infections; that is, the parasites had a certain selective effect on gut microbiota. These certain selections might be associated with the increase in selected microbial taxa (Kreisinger et al., 2015) or variations in the specific function of microbiota (Wang et al., 2023). Our data revealed a certain selection of a few parasite-associated shifting bacterial members that might be associated with energy metabolism. However, the results could not determine the specific development direction of the host gut microbe induced by parasites.



4.2 Parasite-modified patterns of temporal alterations in gut bacterial communities

Our results showed that the raising time obviously had effects on the gut bacterial community, which overwhelmed the parasitic impact. Given the remarkable dietary plasticity of gut microbes (Leeming et al., 2019; Fan et al., 2022), the patterns in our results might be due to the change in diet from diverse plants in the field to simple feedstuff with low dietary fiber in the laboratory. Gut microbial diversity can be reduced dramatically by low-dietary fiber, which is widely recognized as a microbiota-accessible carbohydrate (Sonnenburg et al., 2016). Correspondingly, the gut bacterial alpha diversities declined significantly along raising time in our study.

Moreover, parasite infection changed the patterns of temporal variations in the gut bacterial communities. Our results showed that parasitic infection decreased the reduction rate of bacterial alpha diversity along laboratory raising time. This result echoes the prevalence of significantly positive correlations between oocyst number and the relative abundance of bacterial OTUs. In general, an increase in the alpha diversity of a gut microbial community signifies healthy intestinal homeostasis (Clemente et al., 2012). Thus, the reduced rate patterns in our study might indicate healthy pika intestines modified by coccidia.

Eimeria disturbs the temporal model of bacterial members. Parasites might exert a selective effect on specific microbial taxa to defend against infection damage (Brosschot and Reynolds, 2018; Gao et al., 2020) or enhance the parasitic advantage (Reynolds et al., 2014). For example, a study found that Babeisa duncani infection increases the relative abundance of the family Muribaculaceae (Zhang et al., 2023). Similarly, in our study, the Eimeria infections reduced the loss rate of the relative abundance and OTU number of the family Muribaculaceae. A reduced loss rate due to Eimeria was observed in the family Prevotellaceae, but an accelerated loss rate was found in Ruminococcaceae. The members of Prevotellaceae can produce butyrate (Chen et al., 2022), so they play important roles in intestinal homeostasis and inflammation regulation (Wang et al., 2020). Ruminococcaceae members are fibrolytic specialists (Biddle et al., 2013). Thus, parasite-associated temporal models of bacterial members might be associated with the intestinal homeostasis of pikas and the gut energy metabolite after Eimeria infections.



4.3 Tripartite relationships among parasites, microbes, and the host

Aside from the microbe-associated energy strategy of pikas after parasitic infections, we also observed a behavioral and physiological energy trade-off. The links of parasites with host behaviors and physiology are essential for understanding parasitic infection (Escobedo et al., 2005; Hughes and Libersat, 2019). In this study, the behavior and physiology of pikas were modified by Eimeria feeding and anticoccidia treatments. The thyroid hormones (T3 and T4) were increased by Eimeria feeding, whereas exploration activity decreased. The increased thyroid hormone in the group with Eimeria feeding suggested high energy metabolism (Speakman et al., 2021) because of the parasite-induced energy costs (Slavík et al., 2017). The reduced exploration activity might be due to a trade-off in the energy allocation of hosts after parasite infection. This statement is supported by the increase in thyroid hormone and the decrease in exploration activity with increasing time in the group with anticoccidia.

The tripartite correlation among animals, gut microbiota, and gut parasites is important to the health of animals after parasitic infection (Stensvold and Giezen, 2018; Madlala et al., 2021). Our results showed notable links between the bacterial community, behavior, and physiology. We also found a parasite-associated energy strategy with alterations in the behavior, physiology, and gut bacteria of taxa members. However, how gut bacterial communities specifically relate to pika behaviors and physiology as specific responses to parasitic infection remain unclear. We could not determine the role of gut bacteria in the energy allocation between parasites and the host. Specifically, we could not ascertain whether gut bacteria benefit the parasites or the host.




5 Conclusion

This study focused on parasite-associated alterations in gut bacterial communities, host behaviors, and host physiology, as well as host–bacteria relationships. The use of Bray–Curtis distance metrics revealed insignificant differences in bacterial community structure among the treatments, but notable alterations were observed along raising time in the laboratory. The alpha diversities did not vary with the treatments but were considerably reduced as time increased. Moreover, experimental feeding with Eimeria maintained the bacterial alpha diversities of the pika gut with a reduced decrement rate of alpha diversity. A few bacterial members exhibited notable shifting. Only the genus Ruminococcus, the species Ruminococcus flavefaciens, and several OTUs that belonged to the family Muribaculaceae were associated with energy metabolism. Notably, the temporal variations in the bacterial members were altered by parasitic infection. For instance, experimental feeding with Eimeria reduced the loss rate of the relative abundance of the dominant families, Muribaculaceae and Ruminococcaceae. Meanwhile, the parasite-associated variations in pika behavior and physiology showed an energy trade-off after Eimeria infection. However, no specific energy-associated connections were found between gut bacteria and host behavior or physiology. Our findings highlight the potential implications of the temporal responses of host gut bacterial communities underpinning host–parasite interactions. However, we did not find a certain energy trade-off in the relationships of gut bacterial communities with pika physiology and behavior. We will conduct further in-depth research in the future to address these questions.
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Weaning is undoubtedly one of the most crucial stages in the growth and development of all mammalian animals, including donkey foals. Weaning is a dynamic and coordinated process of the body, which is closely associated with the health, nutrition, and metabolism of the host. Many studies have shown that the intestinal microbiota and serum metabolites of mammals exhibit different changes during lactation, weaning, and postweaning. However, the alterations in serum metabolites in donkey foals before and postweaning and the correlation between serum metabolites and intestinal microbiota are largely unknown. This study is based on the fecal 16S rRNA and serum metabolomes of Dezhou donkey foals. In total, 10 samples (fecal and serum) were collected during the following three stages: before weaning (F.M.1), during weaning (F.M.3), and postweaning (F.M.6). To study the alterations in intestinal microflora, serum metabolites, and their correlation before and postweaning. We found that with the growth and weaning progress of donkey foals, the intestinal microbiota of donkey foals underwent obvious changes, and the diversity of fecal bacteria increased (Chao1 and Shannon indexes). The main intestinal microbial flora of donkey foals include Bacteroides and Firmicutes. We found many microbiota that are associated with immunity and digestion in the postweaning group, such as Verrucomicrobiales, Clostridia, Oscillospiraceae, Akkermansia, and Rikenellaceae, which can be considered microbial markers for the transition from liquid milk to solid pellet feed. Clostridia and Oscillospiraceae can produce organic acids, including butyric acid and acetic acid, which are crucial for regulating the intestinal microecological balance of donkeys. Furthermore, the metabolome showed that the serum metabolites enriched before and postweaning were mainly related to arachidonic acid metabolism and riboflavin metabolism. Riboflavin was associated with the development of the small intestine and affected the absorption of the small intestine. We also found that the changes in the gut microbiome of the foals were significantly correlated with changes in serum metabolites, including lysophosphatidylcholine (LPC; 12,0) and positively correlated with Lachnoclostridium and Roseburia. To summarize, this study provides theoretical data for the changes in the intestinal microbiome and serum metabolism during the entire weaning period of donkey foals.

Keywords
 donkey foal; weaning; gut microbes; serum; metabolome


1 Introduction

Donkeys belonging to the Equus family are typical single-stomach herbivorous animals. They do not possess a mature and complicated digestive system similar to that of ruminants. Equus has evolved a unique way to use plant feed efficiently by using its powerful hindgut tissue to address this concern (Li et al., 2022). The hindgut of the Equus includes the cecum, colon, and rectum (Julliand and Grimm, 2016), containing rich flora, including bacteria, fungi, and other microorganisms, which provide important raw materials, such as proteins and sugars (Julliand and Grimm, 2016). These rich microorganisms constitute a complex digestive ecosystem, which affects the nutritional digestion, metabolism, and immunity of the animals. The microorganisms maintain a symbiotic coexistence with the host. The host provides the raw material for the microorganism, and the microorganism provides the host with volatile fatty acids (VFA), vitamins, and fatty substances. These substances are transported to various organs of the body through the blood to promote the growth and development of the host, and this has also been effectively proved by studies in other species, such as the intestinal microorganisms found in poultry can affect the deposition of abdominal fat (Liu et al., 2020). Microbial flora will affect the feed utilization rate and daily gain of cattle (Huang et al., 2021), and it is found in the study on intestinal microbes of sheep that The microbe Rikenellaceae_RC9_gut_group may regulate the deposition of Tan mutton fat by influencing the concentration of volatile fatty acids (Cheng et al., 2022). The gut can digest and absorb nutrients which is one of the protective barriers to maintaining homeostasis (Turner, 2009). Prior to weaning, milk from the mother affects the colonization and formation of intestinal microbes in the offspring. With the gradual weaning of the young animal, the intestinal microbes also undergo different changes. Although studies have been performed on the intestinal microbiome of donkey foals (Zhang et al., 2023), studies on the host serum metabolome and the correlation between the intestinal microbiome and the host serum metabolome are limited. Metabolomics is an effective tool for the detailed study of living organism metabolites (Lau et al., 2015). Changes in the surrounding environment of the animal can lead to changes in its biological metabolites. Relevant studies include mice (Lau et al., 2015) and humans (Dekkers et al., 2022).

Serum metabolites reflect host health and intestinal microbiota reflects digestive system development and food adaptation. Therefore, serum metabolites and intestinal microbiota can be used as powerful biomarkers to detect host health and physiological responses before and postweaning. To systematically investigate the changes in intestinal microbiota and serum metabolites and their potential functional characteristics in Dezhou donkey foals, we evaluated the intestinal microbiota of fecal samples taken from three different periods before weaning (1 month age, defined as F.M.1), weaning period (3 months age, defined as F.M.3), and postweaning period (6 months age, defined as F.M.6). Metabolic analysis of serum samples was also performed, along with a further analysis of the correlation between intestinal flora and serum metabolites.



2 Materials and methods


2.1 Collection of experimental animals and samples

In total, 10 Dezhou donkey foals from the Shandong Dong-E–E-Jiao Co., Ltd. breeding base were obtained for the study, and the birth time and weight were kept similar. The foal and its female were in good condition during the sampling period. In the breeding base, breast milk was fed for 1 month before weaning, then breast milk combined with forage was fed until weaning time (6 months of age). Before weaning, the foals were provided with adequate milk and clean fresh water. During weaning, the donkey was mainly fed with breast milk and the feed of the mother, with ad libitum access to fresh water. The feed intake of the foal before weaning is 1 kg of concentrate per day. After weaning, 2 kg of concentrate per day, while adding 2.25 kg of soybean straw. The concentrate comes from Shandong Hekangyuan Co., Ltd. The donkey was fed at 08:00 and 18:00 h. They were provided with free fresh water and edible salt bricks, during which time the foals were not fed probiotics or antibiotics.

When collecting the manure of the donkey, the anus of the donkey was disinfected and washed with pure water to reduce the risk of contamination. Using disposable sterile gloves, feces were collected from the rectum of the foal. They were promptly added into a sterile centrifuge tube, placed into a liquid nitrogen tank, and immediately sent to the base laboratory for DNA extraction. The neck artery of the donkey was selected for blood collection, and the blood collection site was initially disinfected using an iodophor. A medical-grade needle was then used to collect 5 mL of blood from the carotid artery into a coagulant tube. After the collection, the collection site was disinfected using iodophor to prevent the wound from getting infected. The coagulant stimulating tubes were sent to the basic laboratory, centrifuged at 2500 rpm/min for 10 min, and the upper serum samples were separated and stored at −80°C for subsequent analysis.



2.2 Microbial DNA extraction and 16S rRNA gene sequencing of stool samples from donkeys

Based on the user manual, total genomic DNA was extracted from donkey stool samples using the Magnetic Soil and Stool DNA Kit (Tiangen Biochemical Technology, Beijing). DNA was extracted from fecal samples using the cetyltrimethylammonium bromide (CTAB) method, and DNA stress and concentration were detected using 1% agarose gel electrophoresis. Amplification was performed using Phusion High-Fidelity polymerase chain reaction (PCR) Master Mix (New England Biolabs; 341F CCTAYGGGRBGCASCAG, 806R GGACTACNNGGGTATCTAAT). The mixed and purified PCR products were then constructed through terminal repair and street sequencing. NovaSeq 6,000 was used to perform onboard sequencing on PE 250. Clean reads were obtained by excluding low-quality and barcode reads.



2.3 Sequencing data processing and bioinformatics analysis

FLASH (Version 1.2.11, http://ccb.jhu.edu/software/FLASH/; Magoc and Salzberg, 2011) was used to remove the Barcode and primer sequence reads for joining each sample together and obtaining the combined Raw Tags data (Raw Tags). fastq software (Version 0.23.1) was used to strictly filter the obtained RawTags to get high-quality Tags data (clean Tags; Bokulich et al., 2012). Removal of chimeric sequences was performed, and the Tags chimera sequences were obtained from the species annotation database (silva database https://www.arb-silva.de/ for 16S/18S, Unite database https://unite.ut.ee/ for ITS) for comparison and detection to obtain Effective Tags (Edgar et al., 2011). The Divisive Amplicon Denoising Algorithm (DADA2) module was used in QIIME2 (Version QIIME2-202006) software or deblurred for noise reduction (the default is DADA2). Thus, the final amplicon sequence variants (ASVs) and the signature table were obtained (Callahan et al., 2017). QIIME2 was used for species annotation, and lastly, each sample data was homogenized for subsequent analysis.

Bioinformatics analysis was performed using an online webpage on the Novogene cloud platform. The α diversity analysis was calculated using QIIME2 software, including Chao1, Pielou_e, Shannon, Simpson, and Goods_coverage. Wayne charts, bar charts, and dilution curves were drawn with R language (version 4.0.3). β Diversity is a comparative analysis of microbial community composition in fecal samples of donkeys at different stages using the phylogenetic relationship between feature sequences. Unweighted unifrac distances were calculated (Lozupone and Knight, 2005; Lozupone et al., 2011), and differences between samples were analyzed using principal co-ordinates analysis (PCoA; R, 4.0.3). Datasets of relative abundance in different samples were visualized to analyze the composition of flora communities. The differences in abundance between different groups were determined using linear discriminant analysis and effect size (LEfSe; LDA > 4).



2.4 Metabolomics analysis by liquid chromatography–mass spectrometry

The serum samples from 30 donkey foals were thawed on an ice plate and then added to 400 μL of 80% methanol solution. After the shock, the samples were kept standing for 5 min in an ice bath, centrifuged (5,000 g, 4°C, 8 min), and diluted (methanol = 53%), and the supernatant was obtained. LC-MS analyses were performed using a Vanquish UHPLC system (ThermoFisher, Germany) coupled with an Orbitrap Q Exactive TM HF mass spectrometer (Thermo Fisher), LC-MS analysis was performed using the Vanquish UHPLC system (ThermoFisher, Germany) combined with Orbitrap Q Exactive “A” HF quality (ThermoFisher, Germany). HypesilGoldcolumn (C18) was selected for chromatography, and the column was preheated at 40°C to facilitate serum metabolite separation. The control flow rate was 0.2 mL/min, wherein the positive mode was selected as mobile phase A: 0.1% formic acid and mobile phase B: methanol. The negative mode was mobile phase A: 5 mM ammonium acetate, pH 9.0, and mobile phase B: methanol. MS conditions: Scanning range was 100–1,500 m/z, ESI power supply spray voltage was ±3.5 kV, ion transmission tube temperature was 320°C, sheath gas flow rate was 35 psi, aux gas flow rate was10 L/min, and aux gas heater temperature was 350°C.



2.5 Metabolome data preprocessing and metabolite identification

By applying CD3.1 database search software to process Raw data, the retention time, mass–charge ratio, and other parameters of each metabolite were preliminarily screened. Then the peak area was quantified and the target ions were integrated. The molecular formula was predicted by molecular separation peak and fragment ion and compared using mzCloud,1 mzVault (Thermo Fisher Scientific, Massachusetts, America), and Masslist databases (Novogene Co. Ltd. Beijing, China). The relative peak area was obtained using the original quantitation of the sample (the sum of quantitative values of metabolites in the sample/the sum of quantitative values of metabolites in the sample QC1), and compounds with Coefficient of Variance (CV) > 30% of the relative peak area were eliminated. The metabolite identification and relative quantitation results were finally obtained. During this process, data processing was performed using the Linux operating system (CentOS version 6.6), software R, and Python.



2.6 Statistical analysis of metabolomics data

Statistical analysis of serum metabolites was performed using R on the online web page of the Novogene Cloud platform. The supervised statistical method of discriminant analysis and Principal Coordinates Analysis (PCoA) was used to predict the sample category. The matchstick chart was used to visually display the overall distribution of differential metabolites.




3 Results


3.1 α diversity of fecal bacteria in donkey foals

The α diversity index, including Shannon and Chao1, is shown in Figure 1. A significant difference was found between M.F.1 and M.F.3 in the Shannon bacterial community (p < 0.01). However, in Chao1, an extremely significant difference was found between M.F.3 and M.F.6 bacterial diversity index (p < 0.001; Supplementary Table S1).
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FIGURE 1
 Fecal bacteria α diversity. (A) Shannon index; (B) Chao1 index. *p < 0.05, **p < 0.01, ***p < 0.001.




3.2 β diversity of donkey manure

The β diversity uses phylogenetic relationships between feature sequences of samples to calculate unifrac distances (Lozupone et al., 2011) to evaluate community similarity in samples. As shown in Figure 2, the results indicated a significant dispersion of bacterial colonies between M.F.6 and the other two groups. Furthermore, fecal bacteria were gathered together between the M.F.1 and M.F.3 groups. As shown in Figure 2B, a great difference was found between the bacterial communities before and postweaning.
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FIGURE 2
 Scatterplots from PCoA (A) and nonmetric multidimensional scaling (NMDS) (B) of amplicon sequence variant (ASV) show the differences in fecal bacteria community structures of donkey feces among different weaned periods.


The Venn diagram indicates the distribution of ASV in the gut microbial bacterial community of a donkey foal. The other three groups M.F.1, M.F.3, and M.F.6 contain 2,402,1,671 and 7,529 ASVs, respectively. These three groups share a community containing 1,719 ASVs (Figure 3).
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FIGURE 3
 Venn diagram shows the amplicon sequence variant (ASVs) distribution of fecal bacterial communities in donkey foals at different weaning stages.


Based on the species annotation results of different levels in fecal microorganisms, we screened the species with the highest abundance top 10 at phylum and genus level for each sample or component, and generated a cylindrical accumulation of relative species abundance, as shown in Figure 4. Firmicutes and Bacteroides were dominant genera at different weaning stages, and their proportion reached 75%. At the genus level, the proportion of different periods and phases is different. In M.F.1, Fusobacterium and Bacteroides are mainly used, whereas, in M.F.3, Bacteroides were mainly used. In M.F.6, Campylobacter and Rikenellaceae RC9 gut groups were dominant.

[image: Figure 4]

FIGURE 4
 Unique bacterial composition of intestinal microbiota between groups at different weaning stages of donkey foals. (A) Phylum. (B) Genus.




3.3 Bacterial biomarkers before and postweaning of donkeys

We used linear discriminant analysis and LEfSe analysis to identify and distinguish biomarker species in pre-weaning and post-weaning bacterial communities. In this study, the dominant fecal bacteria in the M.F.1 group were the NK4A214_group. The main microbial markers of M.F.3 included g_Lactobacillus, g_Muribaculaceae, and g_Akkermansia. Microbial markers in M.F.6 group included g_Bacteroidales_RF16, F082, Rikenellaceae_RC9_gut_group, g_p_251_05, and Campylobacter (Figure 5).
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FIGURE 5
 Linear discriminant analysis and effect size (LEfSe) analysis of the intestinal microbial composition of donkey foals before and postweaning. (A) The phylogenetic distribution of intestinal microorganisms before and postweaning; (B) The histogram of LAD distribution shows the taxa with the greatest difference between weaning (LDA score > 4, n = 10), M.F.1 is before weaning, M.F.3 is during weaning, and M.F.6 is postweaning.




3.4 Comparative analysis of donkey serum metabolites

Serum samples (M.F.1, M.F.3, and M.F.6) from 10 Dezhou donkey foals during the weaning stage were collected, of which 30 underwent 16S rRNA gene sequencing data. We measured non-targeted metabolite profiles to evaluate changes in the serum metabolome from preweaning (M.F.1) to postweaning (M.F.6). Based on quality control of CV less than 30%, 1,081 quantifiable serum metabolites were identified in this study. These included 683 metabolites in positive ion mode and 398 metabolites in negative ion mode. Principal component analysis (PCA) was performed to determine the overall changes in serum metabolome before and postweaning of donkey foals (Supplementary Table S1). Figure 6 shows metabolites in the serum of donkey foals before and postweaning compared with different groups. The changes in serum metabolite spectrum were observed in three stages from M.F.1 through M.F.3 to M.F.6.
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FIGURE 6
 Comparative analysis of metabolites in the serum of donkey foals at different stages. (A) Principal component analysis (PCA) based on positive ions; (B) PCA based on negative ions.




3.5 Identification and evaluation of differential metabolites

Based on the synonyms obtained from the mzCloud, mzVault, and MassList databases, each metabolite identified was searched. The results of positive and negative pattern metabolites are shown in Figure 7. These compounds include a group of multiple chemical classes in which the following main metabolites tested are: lipids and lipid-like molecules, organic acids and derivatives, and organic nitrogen compounds. They accounted for more than 82%.
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FIGURE 7
 Chemical classification statistics for metabolites. Pie charts reflect the classification of metabolites detected and the number of metabolites included in each classification. (A) Metabolites based on positive patterns; (B) Metabolites based on negative patterns.


To reduce false positives, we removed metabolites from the primary database (MassList) for screening species. Based on the second-level databases mzCloud and mzVault, we found different metabolites between the M.F.1 group and M.F.3 group, M.F.3 group and M.F.6 group, and M.F.1 group and M.F.6 group. Among them, 241 metabolites were enriched in M.F.1 group and M.F.3 group (Supplementary Table 1-all), whereas 180 metabolites were upregulated (log2FC > 0), and 61 metabolites were downregulated (log2FC < 0). We analyzed the top 40 metabolites with significant differences (log2FC < −1.5 or og2FC > 1.5), and the metabolites that could be labeled by the two databases included 7 classes (Class_I), Benzenoids (n = 8), and Benzenoids (n = 8). Lipids and lipid-like molecules (n = 16), nucleosides, nucleotides, and analogs (n = 1), organic acids and derivatives (n = 5), organic oxygen compounds (n = 2), organoheterocyclic compounds (n = 7), and phenylpropanoids and polyketides (n = 1; Supplementary Table 1-top 40). The top 10 differential metabolites are trans-3-Indoleacid (log2FC = 5.07), PC (12:0/12:0; log2FC = 3.55), and LPS 18:0 (log2FC = 3.51), 2-Mercaptobenzothiazole (log2FC = 3.50), PC (18,5e/26:4; log2FC = 3.46), indole-3-acrylic acid (log2FC = 2.90), 18-β-Glycyrrhetinic acid (log2FC = 2.72), leucylproline (log2FC = 1.81), guanosine (log2FC = 1.81), and tetrahydrocortisone (log2FC = 1.78).

As shown in Supplementary Table 1, we identified 327 differentiated metabolites between M.F.3 and M.F.6 (p < 0.05), of which 126 were upregulated (log2FC > 0) and 201 were downregulated (log2FC < 0; Supplementary Table 2-all). We analyzed the metabolites of the top 40 species and identified eight different metabolites (Class_I). The main metabolites included alkaloids and derivatives (n = 1), benzenoids (n = 6), lipids and lipid-like molecules (n = 22), organic acids and derivatives (n = 1), organic nitrogen compounds (n = 1), organic oxygen compounds (n = 3), organoheterocyclic compounds (n = 2) and phenylpropanoids and polyketides (n = 4; Supplementary Table 2-top 40). The top 10 differential metabolites were norephedrine (log2FC = 5.82), deoxycholic acid (log2FC = 4.45), 5 a-dihydrotestosterone glucuronide (log2FC = 4.26), cholic acid (log2FC = 4.00), 1-stearoylglycerol (log2FC = 3.20), N-{((2R,4S,5R)-5-ethyl-1-azabicyclo [2.2.2]oct-2-yl]methyl)}-2-furamide (aldehyde (log2FC = 2.68), 2-Amino-1,3,4-octadecanetriol (2.65), LPA 16:1 (log2FC = 2.58), pholedrine (log2FC = 2.58) and cuminaldehyde (log2FC = 2.20). It is a metabolite consisting mainly of benzenoids, lipids and lipid-like, organoheterocyclic compounds, and organic nitrogen compounds.

In total, 393 metabolites were significantly different between the M.F.1 and M.F.6 groups, of which 229 were upregulated (log2FC > 0) and 164 were downregulated (log2FC < 0; Supplementary Table 3-all). Based on the two databases, we analyzed the differential metabolites of the top 40 of them (log2FC < −1.5 or og2FC > 1.5) and found that 25 metabolites were upregulated and 15 metabolites were downregulated. These metabolites included seven categories (Class_I). They were benzenoids (n = 5), lipids and lipid-like molecules (n = 19), Organic acids and derivatives (n = 4), and organic nitrogen compounds (n = 2), organic oxygen compounds (n = 2), organoheterocyclic compounds (n = 6), phenylpropanoids and polyketides (n = 2; Supplementary Table 3-top 40), and the top 10 metabolites were deoxycholic acid (log2FC = 5.66), trans-3-indoleacrylic acid (log2FC = 4.90), and cholic acid (log2FC = 4.78), LPS 18:0 (log2FC = 3.67), SM (d14:0/14:1; log2FC = 3.58), 2-hydroxycaproic acid (log2FC = 3.64), 1-stearoylglycerol (log2FC = 3.40), LPE 14:0 (log2FC = 3.15), indole-3-acrylic acid (log2FC = 2.62), and thromboxane B2 (log2FC = 2.48). The 10 metabolites with the most significant difference were organoheterocyclic compounds, lipids, lipid-like molecules, organoheterocyclic compounds, organic acids and derivatives, nucleosides, nucleotides, and analogs (Figure 8).

[image: Figure 8]

FIGURE 8
 Differential metabolite analysis between different tissues based on the positive and negative ion merging model. (A) M.F.1 and M.F.3; (B) M.F.3 and M.F.6 groups and (C) M.F.1 and Differential metabolites between M.F.6 in donkey serum (top 40). Each row represents a differential metabolite, and each row represents the fold change value of the differential metabolite for display by logarithmic conversion with the base of 2, the left side represents down, and the right side represents up. The same color indicates metabolites of the same class (Class_I), and the size of the dots indicates the VIP value size.




3.6 Enrichment analysis of serum metabolic pathways

Through the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of metabolites in the serum of donkey foals, the enriched pathway was mainly involved in amino acid metabolism and carbohydrate metabolism. Metabolic KEGG at p < 0.05 was considered to be the main enrichment pathway in this study (Figure 9). Enrichment analysis indicated that significant changes occurred in glyoxylate and dicarboxylate metabolism and riboflavin metabolism between the M.F.1 and M.F.3 groups. The main enriched pathways of M.F.1 and M.F.6 were arachidonic acid metabolism, serotonergic synapse, and pathways in cancer. M.F.3 and M.F.6 were mainly enriched in steroid hormone biosynthesis, ovarian steroidogenesis, prostate cancer, steroid biosynthesis, and aldosterone-regulated sodium and reabsorption, which are five key and significant pathways.
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FIGURE 9
 Enrichment analysis of metabolites at different weaning stages of donkey foals. (A) M.F.1 and M.F.3; (B) M.F.3 and M.F.6 groups; and (C) M.F.1 and M.F.6 groups. Each row represents a pathway, and different colors represent different log10 p-value values. The size of the dots indicates the number of differentiated metabolites in this pathway. The larger the dots, the more differentiated metabolites.




3.7 Correlation between fecal bacteria and serum metabolomics

Based on spearman analysis, we performed a correlation analysis of bacteria genera with significant differences in the feces of donkey foals and serum metabolites (Figure 10). We determined the possible correlation between hair diversity and metabolites in samples, which was as follows: AD3, bryobacter, Candidatus Koribacter, Candidatus Solibacter, Subgroup_2, TK10, WPS-2 and (3-Methoxy-4-hydroxyphenyl) ethylene glycol sulfate, 4-hydroxybenzylalcohol, dehydroepiandrosterone (DHEA), dibutyl sebacate, dihydroroseoside, and 4-(hydroxymethyl) benzoic acid exhibited a positive correlation (p < 0.05). A negative correlation was found among 1-stearoylglycerol, 2-amino-1,3,4-octadecanetriol, H-Gly-Pro-OH, LPC12:0, LPC 14:0, LPE 14:0, and lysope 14:0 (p < 0.05). Additionally, Lachnoclostridium and Roseburia were associated with (3-Methoxy-4-hydroxyphenyl) ethylene glycol sulfate and 4-hydroxybenzylalcohol dehydroepiandrosterone (DHEA), dibutyl sebacate, dihydroroseoside, and 4-(hydroxymethyl) benzoic acid were negatively correlated (p < 0.05). With 1-stearoylglycerol, 2-amino-1,3,4-octadecanetriol, H-Gly-Pro-OH, LPC 12:0, LPC 14:0, LPE 14:0, lysope 14:0, and SM (d14:0/14:1) were positively correlated (p < 0.05).
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FIGURE 10
 Correlation between intestinal microbes and metabolites before and after donkey foals weaning. The color is based on Spearman’s correlation coefficient distribution. Red indicates a positive correlation (p < 0.05) and blue indicates a negative correlation (p < 0.05). The figure shows Spearman’s coefficient between 10 bacterial genera and 20 metabolites. LPC is lysophosphatidylcholine, LPE is lysophosphatidylethanolamine, PC is phosphatidylcholine, and SM is sphingomyelin.





4 Discussion

The stability of intestinal microbes plays a crucial role in the health and immunity of the host. Weaning is an essential stage in the growth of donkey foals. The intestinal flora of donkey foals before and postweaning is not constant. It undergoes significant differences due to changes in the external environment and food, which is in dynamic balance. Many studies have shown that the intestinal microbiome and blood metabolism of young animals before and postweaning, including piglets, lambs, and calves (Xian et al., 2014; Mao et al., 2021; Zhang J. et al., 2021). Before and postweaning, a donkey foal will initially rely on breast milk and gradually transition to breast milk and forage. Lastly, feed is mainly given until weaning is completed. During this period, nutrient composition and food status change considerably. The initial liquid form that is easy to absorb and digest changes to solid–liquid form, which is combined with solid forage. This drastic change also causes significant changes in the gut microbiota. Due to the significant changes in the composition and proportion of nutrients ingested, the serum metabolites of donkeys also change. This synergistically affects the key mechanisms of nutrition, health, and immunity of the donkey. Although previous studies have been performed on equine gut microbes (Mach et al., 2017; Zhang et al., 2023), there is a lack of studies on metabolites and the correlation between the intestinal microbes and metabolites in donkey foals, which is also the basis and novelty of our study. We discussed the effects of weaning on the growth and development of donkey foals were discussed by further studying the changes in the metabolome. A gradual correlation was found between the changes in the fecal microbiota and host serum metabolites.

Diversity and abundance indices are commonly used to determine ecosystem stability. Fecal microbial analysis of donkey foals showed that the diversity (chao1) generally decreased first and then increased and significantly decreased before and during weaning. The analysis showed a very significant increase trend from weaning to the later period postweaning, indicating that the diversity index of bacterial groups changed significantly before and postweaning. However, the Shannon index indicated that the abundance of intestinal flora significantly decreased before weaning (M.F.1) and during weaning (M.F.3). This may be due to the effective adjustment and adaptation of the intestinal microorganisms due to environmental changes when the foal switches from liquid milk to the combination of liquid and solid forage. Intestinal microbial diversity and richness index can be regarded as a valuable indicator of microbial flora adaptation to the intestinal environment, a crucial marker of host health, and metabolic capacity (Li et al., 2018). Furthermore, PCoA and nonmetric multidimensional scaling (NMDS) analysis of β diversity results showed significant differences in fecal microbiota composition between the preweaning and postweaning stages. The aforementioned changes can be attributed to fundamental changes in the feed before and postweaning. This external factor can significantly change the gut microbiome of donkeys (Lindenberg et al., 2019).

The fecal bacteria of donkey foals are inconsistently reported in previous studies (Liu et al., 2020; Zhang et al., 2023). The intestinal microflora was mainly composed of Firmicutes and Bacteroides (>70%). Firmicutes and Bacteroidetes in the gut ferment dietary fiber to produce short-chain fatty acids (SCFAs) namely butyric acid, propionic acid, and acetic acid. These SCFAs influence host metabolites in many ways by acting on G-protein-coupled receptors that are expressed by intestinal endocrine cells (Fan and Pedersen, 2021). Among them, the bacterium is related to energy acquisition and feed efficiency, and more importantly, it exhibits a hydrolytic effect on carbohydrates and proteins (Xu et al., 2003), and is the main bacterial group responsible for cellulose decomposition in herbivores (Brulc et al., 2009). In this study, during weaning, firmicutes are the second most abundant phylum postweaning after Bacteroides (Meale et al., 2016). The abundance of Firmicutes decreased from weaning to weaning. During the same time, Bacteroides showed a trend of first increasing and then decreasing, which is consistent with previous studies. Bacteroides aid in the decomposition of polysaccharides in herbivores to provide nutrient utilization, promote the development of the immune system, and thus improve host immunity (Stappenbeck et al., 2002; Backhed et al., 2004). The levels of Campilobacterota and Acidobacteriota in the feces of donkey foals before weaning are higher than postweaning. Campilobacterota is a major group of bacteria causing diarrhea (Kulkarni, 2019). It also causes intestinal disorders and diarrhea in weaned animals such as piglets (Adhikari et al., 2019). Intestinal flora is related to diarrhea; however, the microbiota system is also an extremely delicate ecosystem. The forage of donkeys before and postweaning undergoes extensive changes, which is very likely to cause a stress response in the intestine of donkeys. Changes in intestinal microflora lead to an increase in diarrhea-related flora in the intestine of donkeys, which has also been found in other domestic animals such as piglets (Adhikari et al., 2019) and calves (Klein et al., 2013). Acidobacteriota is one of the four major groups of bacteria in animals, which is significantly associated with the homeostasis of intestinal microbes (Binda et al., 2018) and is conducive to maintaining the stability of the intestinal microbial environment.

LefSe analysis showed that bacteria in Firmicutes were biomarkers of M.F.1 (Figure 4B), and Clostridia (Clostriobacteria) and Oscillospiraceae (Rumenococcaceae) were also enriched in the M.F.1 group. Clostridia and Oscillospiraceae belong to Firmicutes. Clostridia can produce organic acids, including butyrate and acetic acid (Tsukuda et al., 2021), and regulate pH value in the intestinal environment. It can regulate the intestinal microecological balance and improve host immunity (Umesaki et al., 1999). Oscillospiraceae were identified using 16S rRNA phylogenetic analysis as members of Ruminococcaceae, Clostridiaceae, and Clostridiaceae in Firmicutes (Yanagita et al., 2003). Furthermore, this bacterium can produce SCFAs dominated by butyrate. Metagenomics and metabolomics studies found that Oscillospiraceae participated in the butyrate kinase-mediated pathway. Therefore, it is considered to be a producer of butyrate and butyrate (Konikoff and Gophna, 2016). Butyrate can stimulate immune cells, including colonic regulatory T cells, and improve the differentiation of lung epithelial cells, thus reducing the occurrence of intestinal inflammation (de Vos et al., 2022). Butyric acid is also the main product of the fermentation of dietary fiber in the intestine, and after being absorbed by colon cells, it becomes an important source of energy.

The period before and postweaning is the transitional phase in which the foal gradually adapts to weaning. The gut microbes also change to some extent. The main biomarkers for M.F.3 are the Verrucomicrobiales verrucous microbiota and Muribaculaceae, which produce acetic acid, propionic acid, and butyric acid. Bacillus verrucosa is found in the inner lining of the intestinal mucosa and is present in abundance in healthy individuals. They break down polysaccharides, such as mucopolysaccharides and cellulose, to provide energy and nutrients. B. verrucosa also produces SCFAs, such as propionic acid and butyric acid, which play a crucial role in the intestinal health and immune system regulation of donkeys. The transition from milk to forage is a gradual process, during which the nutrition of donkeys will be greatly changed, and stress reactions, including diarrhea, may also occur easily. Muribaculaceae, a major microflora, can be used to prevent diarrhea in calves (Chen et al., 2022). This is also consistent with a previous study (Xinyu and Li, 2022). Compared with before weaning, the increase of Rikenellaceae was most distinct in the M.F.6 group, which is consistent with a previous study (Zhang J. et al., 2021; Zhang P. et al., 2021). At the same time, this microorganism can also act as an acetic acid-producing bacteria and a digestion-related bacteria. Therefore with the advance of weaning, solid particles, and coarse feed can be increased in donkeys. Transitional bacterial groups are gradually replaced by bacteria that degrade polysaccharides (shelter or cellulose; Kim et al., 2019); therefore, the content of this bacterial group shows a tendency to increase postweaning, and it is associated with intestinal health (Hildebrand et al., 2013). Actinobacteriota is the main biomarker of M.F.6 postweaning. Grass and concentrate feed is the main feed for donkey foals postweaning, and wheatgrass is rich in fiber. Actinobacteriota can use cellulose and hemicellulose efficiently to decompose them into carbon sources (Rastogi et al., 2010). Actinobacteriota is one of the four phyla of the gut microbiome. Although they represent only a small percentage, they are critical for maintaining gut homeostasis (Binda et al., 2018).

Serum metabolome contains a large number of various biomarkers used to detect animal health and physiological responses, which are mainly influenced by paternal inheritance and the external environment (Shin et al., 2014; Long et al., 2017). Markers obtained from the environment can be influenced by gut microbes (Wikoff et al., 2009). Although there are also relevant studies on donkey foals, there is a lack of analysis and research on the metabolome of the serum of donkey foals. Our study used the metabolome method of LC-MS to study the changes in the metabolome of donkey foals before and postweaning.

Weaning is an essential stage of growth and development and has a significant effect on serum metabolites (Taylor et al., 2022). PCA was performed to evaluate serum metabolism changes in different stages before and postweaning. Serum metabolism at these three stages showed significant changes. This also indicated that the holistic effect of weaning on metabolites changed with weaning time. Based on the statistics of positive and negative ion metabolites, we found that metabolites in the three stages mostly included lipids and lipid-like molecules, organic acids and derivatives, and organic nitrogen compounds (>82%). Metabolism during the weaning period includes glyoxylate and dicarboxylate metabolism and riboflavin metabolism. Riboflavin, a water-soluble vitamin, is involved in reduction–oxidation reactions, ß-fatty acid oxidation, amino acid degradation, fatty acid oxidation, amino acid degradation, and the electron transport chain (Tang et al., 2019). Furthermore, previous studies on rats have reported that a lack of riboflavin in the weaning diet significantly affects the physiological development of the small intestine, inhibiting the increase in the number of villi and thus affecting the absorption of the small intestine (Yates et al., 2003). A lack of riboflavin in pigs can affect their appetite and reduce growth performance. In severe cases, it can lead to the death of piglets (Mitolo and Manfredi, 1968). The significant coffee table metabolites enriched between the M.F.3 and M.F.6 groups are the biosynthesis of steroid hormones, which mainly include the control of metabolism, inflammation, and immune functions (Ikuta et al., 2022). The main metabolites different from M.F.1 and M.F.6 groups were arachidonic acid metabolism and serotonergic synapse. Arachidonic acid is an essential mammalian polyunsaturated fatty acid, which is involved in many cellular physiological processes such as cell physiological processes (Tsuge et al., 2019). The arachidonic acid metabolism (Oxenkrug, 2010; Yang et al., 2017) pathway exhibits immunomodulatory functions in the development and manifestation of allergic diseases (Zhou et al., 2016).

The relationship between gut microbiota and host serum metabolites has become an important means of studying host reproductive function, feeding, and health (Zhang et al., 2020; He et al., 2021; Zhang P. et al., 2021). LPC is a bioactive phospholipid involved in inflammation processes (Jantscheff et al., 2011) and is associated with oxidative stress and inflammation in organisms (Sevastou et al., 2013). Phospholipids, including PC, are a major component of cell membranes and play an important role in intermediate signaling. This study showed that serum metabolites LPC (12:0), LPC (14,00), LPC, and Lachnoclostridium and Roseburia are positively correlated. The latter two belong to Firmicutes and can produce. SCFAs include acetate, phthalates, and butyrate, which exhibit a positive effect on the enhancement of intestinal epithelial cells and intestinal barrier function. It is essential for the intestinal immunity of piglets and calves postweaning (Meehan and Beiko, 2014; Tomkovich and Jobin, 2016). These results suggest that LPC plays an important role in the interaction between the digestive microbiome and serum metabolites and also maintains intestinal stability in donkeys.

To summarize, our results showed that the weaning of donkey foals is related to changes in the composition and function of the intestinal microbiome. The main microbial groups in intestinal microbes are posterior bacteriocytes and Bacteroides. These groups are also the main microbial groups in the intestines of several mammals. They can produce many SCFAs, such as butyric acid, to provide energy sources for the body. At the same time, we found Campilobacterota in donkey foals postweaning, which may cause diarrhea. This may be due to the change of intestinal hygiene flora in donkey foals caused by weaning stress. Two metabolites of host serum differences, namely arachidonic acid, and riboflavin, may be related to host health and immunity. We are also the first to analyze the changes in the gut microbiome-host and its serum metabolites in foals before and postweaning through the correlation between serum metabolism and metabolites. However, due to limitations, such as environmental influences and differences between different individuals, the causal mechanism of the correlation between changes in the gut microbiome and changes in serum metabolites has not been investigated, which should be studied in the future.



Data availability statement

The data presented in the study are deposited in the National Center for Biotechnology Information (NCBI), repository, accession number PRJNA1003694.



Ethics statement

The animal study was approved by Northwest Agriculture and Forestry University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

QY: Data curation, Formal analysis, Methodology, Writing – original draft, Writing – review & editing. HL: Data curation, Writing – original draft. HJ: Data curation, Writing – original draft. BL: Data curation, Writing – original draft. ZW: Data curation, Writing – original draft. JS: Formal analysis, Writing – original draft. FW: Writing – review & editing, Resources, Software. GY: Resources, Software, Writing – original draft. MS: Writing – review & editing, Resources, Software. JC: Resources, Software, Writing – review & editing. BD: Methodology, Writing – review & editing. ML: Methodology, Writing – review & editing. MG: Writing – review & editing, Methodology. JY: Conceptualization, Funding acquisition, Project administration, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by 2019 Shandong Major Agricultural Application Technology Innovation Project (SD2019XM008).



Acknowledgments

The authors thank the members of the National Engineering Research Center for Gelatin Based Traditional Chinese Medicine for their assistance in sample sampling and the High-Performance Computing (HPC) of Northwest A&F University (NWAFU) for providing computing resources.



Conflict of interest

QY, HL, BL, JC, BD, ML, MG, and JY were employed by Dong-E-E-Jiao Co. Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1306039/full#supplementary-material



Footnotes

1   https://www.mzcloud.org/




References

 Adhikari, B., Kim, S. W., and Kwon, Y. M. (2019). Characterization of microbiota associated with Digesta and mucosa in different regions of gastrointestinal tract of nursery pigs. Int. J. Mol. Sci. 20:630. doi: 10.3390/ijms20071630 

 Backhed, F., Ding, H., Wang, T., Hooper, L. V., Koh, G. Y., Nagy, A., et al. (2004). The gut microbiota as an environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. U. S. A. 101, 15718–15723. doi: 10.1073/pnas.0407076101 

 Binda, C., Lopetuso, L. R., Rizzatti, G., Gibiino, G., Cennamo, V., and Gasbarrini, A. (2018). Actinobacteria: a relevant minority for the maintenance of gut homeostasis. Dig. Liver Dis. 50, 421–428. doi: 10.1016/j.dld.2018.02.012 

 Bokulich, N. A., Subramanian, S., Faith, J. J., Gevers, D., Gordon, J. I., Knight, R., et al. (2012). Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat. Methods 10, 57–59. doi: 10.1038/nmeth.2276 

 Brulc, J. M., Antonopoulos, D. A., Miller, M. E., Wilson, M. K., Yannarell, A. C., Dinsdale, E. A., et al. (2009). Gene-centric metagenomics of the fiber-adherent bovine rumen microbiome reveals forage specific glycoside hydrolases. Proc. Natl. Acad. Sci. U. S. A. 106, 1948–1953. doi: 10.1073/pnas.0806191105 

 Callahan, B. J., McMurdie, P. J., and Holmes, S. P. (2017). Exact sequence variants should replace operational taxonomic units in marker-gene data analysis. ISME J. 11, 2639–2643. doi: 10.1038/ismej.2017.119 

 Chen, H., Liu, Y., Huang, K., Yang, B., Zhang, Y., Yu, Z., et al. (2022). Fecal microbiota dynamics and its relationship to diarrhea and health in dairy calves. J Anim Sci Biotechnol 13:132. doi: 10.1186/s40104-022-00758-4 

 Cheng, J., Zhang, X., Xu, D., Zhang, D., Zhang, Y., Song, Q., et al. (2022). Relationship between rumen microbial differences and traits among hu sheep, tan sheep, and dorper sheep. J. Anim. Sci. 100:skac261. doi: 10.1093/jas/skac261 

 de Vos, W. M., Tilg, H., Van Hul, M., and Cani, P. D. (2022). Gut microbiome and health: mechanistic insights. Gut 71, 1020–1032. doi: 10.1136/gutjnl-2021-326789


 Dekkers, K. F., Sayols-Baixeras, S., Baldanzi, G., Nowak, C., Hammar, U., Nguyen, D., et al. (2022). An online atlas of human plasma metabolite signatures of gut microbiome composition. Nat. Commun. 13:5370. doi: 10.1038/s41467-022-33050-0 

 Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200. doi: 10.1093/bioinformatics/btr381 

 Fan, Y., and Pedersen, O. (2021). Gut microbiota in human metabolic health and disease. Nat. Rev. Microbiol. 19, 55–71. doi: 10.1038/s41579-020-0433-9


 He, Q., Zhou, W., Chen, X., and Zhang, Q. (2021). Chemical and bacterial composition of Broussonetia papyrifera leaves ensiled at two ensiling densities with or without Lactobacillus plantarum. J. Clean. Prod. 329:129792. doi: 10.1016/j.jclepro.2021.129792


 Hildebrand, F., Nguyen, T. L., Brinkman, B., Yunta, R. G., Cauwe, B., Vandenabeele, P., et al. (2013). Inflammation-associated enterotypes, host genotype, cage and inter-individual effects drive gut microbiota variation in common laboratory mice. Genome Biol. 14:R4. doi: 10.1186/gb-2013-14-1-r4 

 Huang, C., Ge, F., Yao, X., Guo, X., Bao, P., Ma, X., et al. (2021). Microbiome and metabolomics reveal the effects of different feeding systems on the growth and ruminal development of yaks. Front. Microbiol. 12:682989. doi: 10.3389/fmicb.2021.682989 

 Ikuta, K., Ejima, A., Abe, S., and Shimba, A. (2022). Control of immunity and allergy by steroid hormones. Allergol. Int. 71, 432–436. doi: 10.1016/j.alit.2022.07.006 

 Jantscheff, P., Schlesinger, M., Fritzsche, J., Taylor, L. A., Graeser, R., Kirfel, G., et al. (2011). Lysophosphatidylcholine pretreatment reduces VLA-4 and P-selectin-mediated b16.f10 melanoma cell adhesion in vitro and inhibits metastasis-like lung invasion in vivo. Mol. Cancer Ther. 10, 186–197. doi: 10.1158/1535-7163.MCT-10-0474 

 Julliand, V., and Grimm, P. (2016). HORSE SPECIES SYMPOSIUM: the microbiome of the horse hindgut: history and current knowledge. J. Anim. Sci. 94, 2262–2274. doi: 10.2527/jas.2015-0198 

 Kim, J. H., Hong, S. W., Park, B. Y., Yoo, J. G., and Oh, M. H. (2019). Characterisation of the bacterial community in the gastrointestinal tracts of elk (Cervus canadensis). Antonie Van Leeuwenhoek 112, 225–235. doi: 10.1007/s10482-018-1150-5


 Klein, D., Alispahic, M., Sofka, D., Iwersen, M., Drillich, M., and Hilbert, F. (2013). Prevalence and risk factors for shedding of thermophilic Campylobacter in calves with and without diarrhea in Austrian dairy herds. J. Dairy Sci. 96, 1203–1210. doi: 10.3168/jds.2012-5987


 Konikoff, T., and Gophna, U. (2016). Oscillospira: a central, enigmatic component of the human gut microbiota. Trends Microbiol. 24, 523–524. doi: 10.1016/j.tim.2016.02.015 

 Kulkarni, M. (2019). Clinico-bacteriological study and molecular detection of campylobacter in childhood diarrhoea. Int. J. Infect. Dis. 79, 87–88. doi: 10.1016/j.ijid.2018.11.220


 Lau, S. K., Lam, C. W., Curreem, S. O., Lee, K. C., Lau, C. C., Chow, W. N., et al. (2015). Identification of specific metabolites in culture supernatant of Mycobacterium tuberculosis using metabolomics: exploration of potential biomarkers. Emerg Microbes Infect 4:e6. doi: 10.1038/emi.2015.6 

 Li, Y., Ma, Q., Shi, X., Liu, G., and Wang, C. (2022). Integrated multi-omics reveals novel microbe-host lipid metabolism and immune interactions in the donkey hindgut. Front. Immunol. 13:1003247. doi: 10.3389/fimmu.2022.1003247 

 Li, H., Qu, J., Li, T., Wirth, S., Zhang, Y., Zhao, X., et al. (2018). Diet simplification selects for high gut microbial diversity and strong fermenting ability in high-altitude pikas. Appl. Microbiol. Biotechnol. 102, 6739–6751. doi: 10.1007/s00253-018-9097-z 

 Lindenberg, F., Krych, L., Kot, W., Fielden, J., Frokiaer, H., van Galen, G., et al. (2019). Development of the equine gut microbiota. Sci. Rep. 9:14427. doi: 10.1038/s41598-019-50563-9 

 Liu, H., Zhao, X., Han, X., Xu, S., Zhao, L., Hu, L., et al. (2020). Comparative study of gut microbiota in Tibetan wild asses (Equus kiang) and domestic donkeys (Equus asinus) on the Qinghai-Tibet plateau. PeerJ 8:e9032. doi: 10.7717/peerj.9032


 Long, T., Hicks, M., Yu, H. C., Biggs, W. H., Kirkness, E. F., Menni, C., et al. (2017). Whole-genome sequencing identifies common-to-rare variants associated with human blood metabolites. Nat. Genet. 49, 568–578. doi: 10.1038/ng.3809 

 Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for comparing microbial communities. Appl. Environ. Microbiol. 71, 8228–8235. doi: 10.1128/AEM.71.12.8228-8235.2005


 Lozupone, C., Lladser, M. E., Knights, D., Stombaugh, J., and Knight, R. (2011). UniFrac: an effective distance metric for microbial community comparison. ISME J. 5, 169–172. doi: 10.1038/ismej.2010.133 

 Mach, N., Foury, A., Kittelmann, S., Reigner, F., Moroldo, M., Ballester, M., et al. (2017). The effects of weaning methods on gut microbiota composition and horse physiology. Front. Physiol. 8:535. doi: 10.3389/fphys.2017.00535 

 Magoc, T., and Salzberg, S. L. (2011). Flash: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507


 Mao, H., Zhang, Y., Yun, Y., Ji, W., Jin, Z., Wang, C., et al. (2021). Weaning age affects the development of the ruminal bacterial and archaeal Community in Hu Lambs during Early Life. Front. Microbiol. 12:636865. doi: 10.3389/fmicb.2021.636865 

 Meale, S. J., Li, S., Azevedo, P., Derakhshani, H., Plaizier, J. C., Khafipour, E., et al. (2016). Development of ruminal and fecal microbiomes are affected by weaning but not weaning strategy in dairy calves. Front. Microbiol. 7:582. doi: 10.3389/fmicb.2016.00582 

 Meehan, C. J., and Beiko, R. G. (2014). A phylogenomic view of ecological specialization in the Lachnospiraceae, a family of digestive tract-associated bacteria. Genome Biol. Evol. 6, 703–713. doi: 10.1093/gbe/evu050


 Mitolo, M., and Manfredi, L. M. (1968). New studies on intervitamin correlations. VII. Correlative relationships between L-ascorbic acid 11 vitamin factors of the B complex in guinea pigs (aneurin, niacinamide, M-inositol, p-aminobenzoic, folic and pantothenic acids, biotin, riboflavin, choline, pyridoxine and cyanocobalamin). Boll. Soc. Ital. Biol. Sper. 44, 414–417.


 Oxenkrug, G. F. (2010). Metabolic syndrome, ageassociated neuroendocrine disorders, and dysregulation of tryptophan-kynurenine metabolism. Ann. N. Y. Acad. Sci. 1199, 1–14. doi: 10.1111/j.1749-6632.2009.05356.x


 Rastogi, G., Bhalla, A., Adhikari, A., Bischoff, K. M., Hughes, S. R., Christopher, L. P., et al. (2010). Characterization of thermostable cellulases produced by Bacillus and Geobacillus strains. Bioresour. Technol. 101, 8798–8806. doi: 10.1016/j.biortech.2010.06.001 

 Sevastou, I., Kaffe, E., Mouratis, M. A., and Aidinis, V. (2013). Lysoglycerophospholipids in chronic inflammatory disorders: the PLA(2)/LPC and ATX/LPA axes. Biochim. Biophys. Acta 1831, 42–60. doi: 10.1016/j.bbalip.2012.07.019 

 Shin, S. Y., Fauman, E. B., Petersen, A. K., Krumsiek, J., Santos, R., Huang, J., et al. (2014). An atlas of genetic influences on human blood metabolites. Nat. Genet. 46, 543–550. doi: 10.1038/ng.2982 

 Stappenbeck, T. S., Hooper, L. V., and Gordon, J. I. (2002). Developmental regulation of intestinal angiogenesis by indigenous microbes via Paneth cells. Proc. Natl. Acad. Sci. U. S. A. 99, 15451–15455. doi: 10.1073/pnas.202604299 

 Tang, J., Hu, J., Xue, M., Guo, Z., Xie, M., Zhang, B., et al. (2019). Maternal diet deficient in riboflavin induces embryonic death associated with alterations in the hepatic proteome of duck embryos. Nutr. Metab. 16:19. doi: 10.1186/s12986-019-0345-8 

 Taylor, E. N., Han, J., Fan, C., Beckmann, M., Hewinson, G., Rooke, D., et al. (2022). Defining fatty acid changes linked to rumen development, weaning and growth in Holstein-Friesian heifers. Meta 12:374. doi: 10.3390/metabo12050374


 Tomkovich, S., and Jobin, C. (2016). Microbiota and host immune responses: a love-hate relationship. Immunology 147, 1–10. doi: 10.1111/imm.12538 

 Tsuge, K., Inazumi, T., Shimamoto, A., and Sugimoto, Y. (2019). Molecular mechanisms underlying prostaglandin E2-exacerbated inflammation and immune diseases. Int. Immunol. 31, 597–606. doi: 10.1093/intimm/dxz021 

 Tsukuda, N., Yahagi, K., Hara, T., Watanabe, Y., Matsumoto, H., Mori, H., et al. (2021). Key bacterial taxa and metabolic pathways affecting gut short-chain fatty acid profiles in early life. ISME J. 15, 2574–2590. doi: 10.1038/s41396-021-00937-7


 Turner, J. R. (2009). Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 9, 799–809. doi: 10.1038/nri2653


 Umesaki, Y., Setoyama, H., Matsumoto, S., Imaoka, A., and Itoh, K. (1999). Differential roles of segmented filamentous bacteria and clostridia in development of the intestinal immune system. Infect. Immun. 67, 3504–3511. doi: 10.1128/IAI.67.7.3504-3511.1999


 Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C., et al. (2009). Metabolomics analysis reveals large effects of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. U. S. A. 106, 3698–3703. doi: 10.1073/pnas.0812874106 

 Xian, L., Li, Y., Jiang, Z., Ma, J., Jin, L., Chen, L., et al. (2014). Alterations in cecal microbiota of Jinhua piglets fostered by a Yorkshire sow. Chin. Sci. Bull. 59, 4304–4311. doi: 10.1007/s11434-014-0532-y


 Xinyu, Z., and Li, S. (2022). PSIX-3 rumen Bacteria composition between pre-weaning and post-weaning dairy calves. J. Anim. Sci. 100:368. doi: 10.1093/jas/skac247.672


 Xu, J., Bjursell, M. K., Himrod, J., Deng, S., Carmichael, L. K., Chiang, H. C., et al. (2003). A genomic view of the human-Bacteroides thetaiotaomicron symbiosis. Science 299, 2074–2076. doi: 10.1126/science.1080029 

 Yanagita, K., Manome, A., Meng, X. Y., Hanada, S., Kanagawa, T., Tsuchida, T., et al. (2003). Flow cytometric sorting, phylogenetic analysis and in situ detection of Oscillospira guillermondii, a large, morphologically conspicuous but uncultured ruminal bacterium. Int. J. Syst. Evol. Microbiol. 53, 1609–1614. doi: 10.1099/ijs.0.02541-0 

 Yang, W., Deng, Y., Zhou, H., Jiang, H., Li, Y., Chu, Y., et al. (2017). Metabolic characteristics of rhizoma coptidis intervention in spontaneously hypertensive rats: insights gained from metabolomics analysis of serum. Mol. Med. Rep. 16, 4301–4308. doi: 10.3892/mmr.2017.7119


 Yates, C. A., Evans, G. S., Pearson, T., and Powers, H. J. (2003). Absence of luminal riboflavin disturbs early postnatal development of the gastrointestinal tract. Dig. Dis. Sci. 48, 1159–1164. doi: 10.1023/a:1023785200638 

 Zhang, P., Feng, Y., Li, L., Ge, W., Yu, S., Hao, Y., et al. (2021). Improvement in sperm quality and spermatogenesis following faecal microbiota transplantation from alginate oligosaccharide dosed mice. Gut 70, 222–225. doi: 10.1136/gutjnl-2020-320992 

 Zhang, Z., Huang, B., Gao, X., Shi, X., Wang, X., Wang, T., et al. (2023). Dynamic changes in fecal microbiota in donkey foals during weaning: from pre-weaning to post-weaning. Front. Microbiol. 14:330. doi: 10.3389/fmicb.2023.1105330 

 Zhang, P., Liu, J., Xiong, B., Zhang, C., Kang, B., Gao, Y., et al. (2020). Microbiota from alginate oligosaccharide-dosed mice successfully mitigated small intestinal mucositis. Microbiome 8:112. doi: 10.1186/s40168-020-00886-x


 Zhang, J., Wang, P., Dingkao, R., Du, M., Ahmad, A. A., Liang, Z., et al. (2021). Fecal microbiota dynamics reveal the feasibility of early weaning of yak calves under conventional grazing system. Biology 11:31. doi: 10.3390/biology11010031 

 Zhou, W., Zhang, J., Goleniewska, K., Dulek, D. E., Toki, S., Newcomb, D. C., et al. (2016). Prostaglandin I2 suppresses Proinflammatory chemokine expression, CD4 T cell activation, and STAT6-independent allergic lung inflammation. J. Immunol. 197, 1577–1586. doi: 10.4049/jimmunol.1501063 



Glossary

[image: Table1]


Copyright
 © 2024 Yang, Liu, Jafari, Liu, Wang, Su, Wang, Yang, Sun, Cheng, Dong, Li, Gen and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	CORRECTION
published: 06 February 2025
doi: 10.3389/fmicb.2025.1557933






[image: image2]

Corrigendum: Metabolic changes before and after weaning in Dezhou donkey foals in relation to gut microbiota

Qiwen Yang1,2†, Haibing Liu1†, Halima Jafari2, Bing Liu1, Zhaofei Wang2, Jiangtian Su2, Fuwen Wang2, Ge Yang2, Minhao Sun2, Jie Cheng1, Boying Dong1, Min Li1, Mingjian Gen1 and Jie Yu1*


1National Engineering Research Center for Gelatin-Based Traditional Chinese Medicine, Dong-E-E-Jiao Co. Ltd., Dong'e County, Shandong, China

2Key Laboratory of Animal Genetics, Breeding and Reproduction of Shaanxi Province, College of Animal Science and Technology, Northwest A&F University, Xianyang, Shaanxi, China

APPROVED BY
Frontiers Editorial Office, Frontiers Media SA, Switzerland

*Correspondence
 Jie Yu, yujie1@dongeejiao.com

†These authors have contributed equally to this work and share first authorship

Received 09 January 2025
 Accepted 10 January 2025
 Published 06 February 2025

Citation
 Yang Q, Liu H, Jafari H, Liu B, Wang Z, Su J, Wang F, Yang G, Sun M, Cheng J, Dong B, Li M, Gen M and Yu J (2025) Corrigendum: Metabolic changes before and after weaning in Dezhou donkey foals in relation to gut microbiota. Front. Microbiol. 16:1557933. doi: 10.3389/fmicb.2025.1557933



Keywords
donkey foal, weaning, gut microbes, serum, metabolome



A corrigendum on
 Metabolic changes before and after weaning in Dezhou donkey foals in relation to gut microbiota

by Yang, Q., Liu, H., Jafari, H., Liu, B., Wang, Z., Su, J., Wang, F., Yang, G., Sun, M., Cheng, J., Dong, B., Li, M., Gen, M., and Yu, J. (2024). Front. Microbiol. 14:1306039. doi: 10.3389/fmicb.2023.1306039




In the published article, there was an error in Figure 8 as published. Figure 8C and Figure 8B were erroneously duplicated. The corrected Figure 8 and its caption appear below:
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FIGURE 8
 Differential metabolite analysis between different tissues based on the positive and negative ion merging model. (A) M.F.1 and M.F.3; (B) M.F.3 and M.F.6 groups and (C) M.F.1 and Differential metabolites between M.F.6 in donkey serum (top 40). Each row represents a differential metabolite, and each row represents the fold change value of the differential metabolite for display by logarithmic conversion with the base of 2, the left side represents down, and the right side represents up. The same color indicates metabolites of the same class (Class_I), and the size of the dots indicates the VIP value size.


In the published article, there was an error in section 3 “Results”, subsection 3.2 “β diversity of donkey manure”, paragraph 2. This sentence previously stated: “The other three groups M.F.1, M.F.3, and M.F.6 contain 2,402,1,671 and 7,519 ASVs, respectively.”

The corrected sentence appears below:

“The other three groups M.F.1, M.F.3, and M.F.6 contain 2,402,1,671 and 7,529 ASVs, respectively.”

In the published article, there was an error in section 3 “Results“, subsection 3.5 “Identification and evaluation of differential metabolites”, paragraph 3. This sentence previously stated:

“The top 10 differential metabolites were norephedrine (log2FC = 5.82), deoxycholic acid (log2FC = 4.45), 5 α-dihydrotestosterone glucuronide (log2FC = 4.26), cholic acid (log2FC = 4.00), 1-stearoylglycerol (log2FC = 3.20), N-{((2R,4S,5R)-5-ethyl-1-azabicyclo [2.2.2]oct-2-yl]methyl)}-2-furamide (aldehyde (log2FC = 2.68), LPA 16:1 (log2FC = 2.58), pholedrine (log2FC = 2.58) and cuminaldehyde (log2FC = 2.20).”

The corrected sentence appears below:

“The top 10 differential metabolites were norephedrine (log2FC= 5.82), deoxycholic acid (log2FC= 4.45), 5 α-dihydrotestosterone glucuronide (log2FC= 4.26), cholic acid (log2FC= 4.00), 1-stearoylglycerol (log2FC= 3.20), N-{((2R,4S,5R)-5- ethyl-1-azabicyclo [2.2.2]oct-2-yl]methyl)}-2-furamide (aldehyde (log2FC= 2.68), 2-Amino-1,3,4-octadecanetriol (2.65), LPA 16:1 (log2FC= 2.58), pholedrine (log2FC= 2.58) and cuminaldehyde (log2FC= 2.20).”

The authors apologize for these errors and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Background: The associations between gut microbiota and cardiovascular disease have been reported in previous studies. However, the relationship between gut microbiota and endocarditis remains unclear.

Methods: A bidirectional Mendelian randomization (MR) study was performed to detect the association between gut microbiota and endocarditis. Inverse variance weighted (IVW) method was considered the main result. Simultaneously, heterogeneity and pleiotropy tests were conducted.

Results: Our study suggests that family Victivallaceae (p = 0.020), genus Eubacterium fissicatena group (p = 0.047), genus Escherichia Shigella (p = 0.024), genus Peptococcus (p = 0.028) and genus Sellimonas (p = 0.005) play protective roles in endocarditis. Two microbial taxa, including genus Blautia (p = 0.006) and genus Ruminococcus2 (p = 0.024) increase the risk of endocarditis. At the same time, endocarditis has a negative effect on genus Eubacterium fissicatena group (p = 0.048). Besides, no heterogeneity or pleiotropy was found in this study.

Conclusion: Our study emphasized the certain role of specific gut microbiota in patients with endocarditis and clarified the negative effect of endocarditis on gut microbiota.
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1 Introduction

Endocarditis is defined as an infectious disease of the cardiac endothelium, mainly including infection of native or artificial heart valves (Cahill and Prendergast, 2016; Wang et al., 2018). According to the Global Burden of Disease Study 2019, the incidence and mortality rates of endocarditis are 13.8 and 0.9 per 100,000 population, respectively, and the disability-adjusted life years (DALYs) are 21.9 per 100,000 population (Momtazmanesh et al., 2022). In the United States, hospitalizations for endocarditis increased from $1.58 billion to $2.34 billion from 2003 to 2016 (Alkhouli et al., 2020). As is shown in previous studies, endocarditis causes a huge burden on society. Prevention is always more important than cure, and primary prevention is an important step in disease management (Cahill et al., 2017), which highlights the importance of studying the etiology of endocarditis.

Gut microbiota live in the gastrointestinal tract and in the main coexist harmoniously with humans (Adak and Khan, 2018). Bacteria are the predominant component in the gut microbiome, but viruses, fungi, and archaea are also present and influence gut and systemic metabolism. Scientists have confirmed that gut microbes are closely related to human health by regulating metabolism and immune function (Jandhyala, 2015). Further, a number of studies have disclosed that gut microbiota may contribute to the development of neurological, metabolic, cardiovascular, and other systemic diseases (Chen et al., 2021). Currently, the role of gut microbiota in cardiovascular disease has caught attention. Gut microbiota has been proven to play an important role in coronary atherosclerosis (Jie et al., 2017), hypertension (Karbach et al., 2016), heart failure (Beale et al., 2021) and myocardial hypertrophy (Zhao M. et al., 2022) by modulating metabolites or inflammation. There is also a close relationship between gut microbiota and endocarditis. As a member of gut microbiota, Enterococcus faecalis has been widely reported as a risk factor for endocarditis (Ch’ng et al., 2018). It promotes the risk of endocarditis by producing virulence factors (Farman et al., 2019). Streptococcus gallolyticus is an intestinal commensal bacterium that promotes the risk of endocarditis in the elderly by producing gallocin (Kambarev et al., 2018; Harrington et al., 2021). Although endocarditis caused by lactic acid bacteria is rare, the mortality rate is as high as 30% (Kothari et al., 2019). In addition, endocarditis is essentially a kind of bloodstream infection, and numerous studies have confirmed that gut microbiota may play a protective role in it. Studies pointed out that Barnesiellaceae, Desulfovibrio, Butyricimonas Akkermansia, and Lachnospiraceae (Montassier et al., 2016; Yu et al., 2021) play protective roles in bloodstream infection by reducing inflammation, thus reducing the risk of endocarditis.

In recent years, more and more research has revealed the close relationship between gut microbiota and disease. As a result, fecal transplantation, probiotics, and phage therapy have been applied in clinical practice. However, the specific mechanisms, safety, and long-term effects of these treatments are still unclear. The above treatments are facing certain challenges (Ooijevaar et al., 2019; Suez et al., 2019; Łobocka et al., 2021). Gut microbiota may be a new therapeutic target for endocarditis, and it is necessary to study the causal relationship between gut microbiota and endocarditis.

Randomized controlled trials (RCTs) are considered to provide the highest level of evidence for causality in clinical research (Zabor et al., 2020). However, due to the limited human and financial resources, most of the clinical studies are observational and cannot eliminate reverse causality or confounding factors. This problem can be properly solved by MR analysis. Single nucleotide polymorphisms (SNPs) are randomly assigned during meiosis and are used as instrumental variables in MR analysis (Sekula et al., 2016). Thus, confounding factors and reverse causation are avoided in MR studies. Due to its scientific rigor and affordability, MR analysis has seen increased usage in studying cardiovascular disorders in recent years (van Oort et al., 2020; Ai et al., 2021).

In this study, we employed the MR method to reveal the relationship between gut microbiota and endocarditis. Ultimately, seven gut microbes were detected to be causally related to endocarditis.



2 Materials and methods


2.1 Study design

We conducted a bidirectional MR analysis using data from the genome-wide association study (GWAS) to establish the causal link between gut microbiota and endocarditis. Figure 1 exhibits the study’s schematic diagram. The following three assumptions (Emdin et al., 2017) are met by this study: (1) The link between exposure and instrumental variables is considerable; (2) Instrumental variables and confounding factors are unrelated; and (3) instrumental variables only affect outcomes through exposure (Figure 2). To guarantee the validity and reliability of this study, we complied with the STROBE-MR (Strengthening the reporting of observational research in epidemiology using MR) principles (Supplementary Table S1) (Skrivankova et al., 2021).

[image: Figure 1]

FIGURE 1
 Study design. An overview of the study design.
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FIGURE 2
 Three assumptions of MR analysis. SNP, single nucleotide polymorphisms.




2.2 Data sources

For gut microbiota, GWAS data was collected from the MiBioGen consortium.1 It is the largest study of human gut microbiota, and it included 18,340 individuals from 24 cohorts of multiple ancestries, about 78% of whom were European (Kurilshikov et al., 2021). 196 taxa were used for MR analysis after excluding 15 unknown taxa. For endocarditis, the GWAS data comes from the ninth version of the FinnGen,2 and the samples were collected by a nationwide network of Finnish biobanks (Kurki et al., 2023). By using ICD10 and ICD9 diagnosis codes, acute endocarditis, subacute endocarditis and endocarditis, valve unspecified were selected as cases. Up to 11th May 2023, it included 940 cases and 286,109 controls. There is no overlap between samples from the gut microbiota and endocarditis, thus avoiding overfitting bias. All the GWAS data is publicly available, and the original studies received ethical approval. No additional ethical approval is required.



2.3 Instrumental variables selection

196 species of bacteria were investigated in this study and can be sorted into five categories: phyla, class, order, family, and genus. The steps for selecting instrumental variables are: (1) SNPs strongly associated with exposure were selected, with a significance threshold of p < 1 × 10−5. In the study of Sanna et al. (2019), this threshold is considered to be the optimal threshold because it can lead to a larger variance explained. At the same time, this threshold has been widely used in previous studies (Chen et al., 2022; Yu et al., 2023). (2) As the linkage imbalance will lead to bias in MR analysis, it is necessary to remove the linkage imbalance and ensure the independence of SNPs. The parameters are set as follows: r2 = 0.001 and kb = 10,000. (3) When SNPs in the outcome are missing, we need to find proxy SNPs and use proxy SNPs with LD r2 > 0.8. If no proxy SNP is found, the SNP is discarded. (4) SNPs of exposure and outcome were harmonized, and the palindromic sequences were removed. (5) To avoid the association between instrumental variables and confounding factors, we removed SNPs that might be related to confounding factors, and the above process was performed using PhenoScanner (Staley et al., 2016).3 MR analysis was performed after these SNPs were removed. (6) To avoid weak instrumental variables, the F statistics were calculated. The formula for calculating F is R2 (n-k-1)/k (1-R2). When F > 10, weak instrumental variables were considered not to exist (Pierce et al., 2011).



2.4 MR analysis and sensitivity analysis

A MR analysis was conducted to determine the causal effect of gut microbiota on endocarditis. There were five methods: IVW, MR Egger, weighted median, simple mode, and weighted mode. Among them, IVW is the main method, and the others were applied as supplementary methods (Slob and Burgess, 2020). A fixed-effect meta-analysis model is used in the IVW method, which incorporates the causal effects of each SNP. IVW has high confidence and is used as the main method (Burgess et al., 2013). MR Egger is employed to detect whether there is pleiotropy and correct the bias (Bowden et al., 2015). The weighted median is supplemented by MR Egger, and robust results are still obtained even if 50% of the instrumental variables are invalid (Bowden et al., 2016). Simple mode and weighted mode are less effective at detecting causality but reduce the probability of Type I errors (Hartwig et al., 2017). In summary, we mainly consider the results of IVW, and the other four methods serve as references. When p < 0.05, we believe that exposure is significantly associated with outcome, and this significance threshold has been widely used in previous MR studies on gut microbiota (Luo et al., 2023; Song et al., 2023). Finally, we calculated power using an online site,4 and power > 0.8 was considered appropriate (Verbanck et al., 2018). The primary results were shown as a circle heatmap, which was drawn using the website https://www.chiplot.online/.

Finally, sensitivity analyses were implemented to avoid bias caused by heterogeneity and pleiotropy (Hemani et al., 2018). In order to determine if there was heterogeneity in this study, we employed Cochran’s Q test. Besides, the MR Egger intercept test was applied to determine if there was horizontal pleiotropy. In addition, MR-PRESSO analysis was used to find and eliminate outliers (Verbanck et al., 2018). Finally, leave-one-out analysis was carried out to determine whether there were outliers.



2.5 Reverse MR analysis

To detect the reverse causality between gut microbiota and endocarditis, we conducted a reverse MR analysis. With endocarditis as an exposure and gut microbiota as an outcome, a two-sample MR analysis was performed again. The methods used and the three assumptions followed were the same as described earlier.



2.6 Statistical software

All statistical works were implemented using the twoSampleMR package (v 0.5.6) in R software (v 4.2.1). The analysis process was performed in July 2023.




3 Results


3.1 Instrumental variables

According to the method mentioned earlier, we obtained a series of instrumental variables, including 2,142 SNPs, as shown in Supplementary Table S2. All SNPs satisfied the following conditions: (1) SNPs had a substantial correlation with exposure and p<1*10−5. (2) Confounding factors were not connected to SNPs. No SNPs associated with confounding factors were discovered by using the PhenoScanner. (3) The MR PRESSO test did not reveal any outliers (p > 0.05). (4) F statistics were determined, and they were all more than 10, indicating that no weak instrumental variables existed.

We found the genes where the instrumental variables (SNPs) were located according to rsID, as shown in Supplementary Table S3. Functional enrichment analysis was performed on these genes, as shown in Supplementary Figures S1, S2. The results of the Gene Ontology (GO) analysis reveal that the main functions of these genes are dendrite development and cell junction assembly. The results of Kyoto Encyclopedia of Genes and Genomes (KEGG) show that these genes are associated with Circadian entrainment and Glutamatergic synapse. The instrumental variable (SNPs) in this study is enriched in the above function or pathway, thereby indirectly increasing or reducing the risk of endocarditis by affecting gut microbiota.



3.2 Causal effects of gut microbiota on endocarditis

We performed a two-sample MR analysis of gut microbiota and endocarditis using the TwoSampleMR Package. Five methods were used and IVW methods were considered the main method. p < 0.05 was considered statistically significant. Seven microbial taxa were identified to have causal relationships with endocarditis. The initial analysis results are shown in Figure 3 and Supplementary Table S4. Five microbial taxa have a protective effect on endocarditis, and two increase the risk of endocarditis, as shown in Figures 4, 5. The microbial taxa that play protective roles in endocarditis are as follows: family Victivallaceae (OR: 0.67, 95%CI: 0.47–0.94, p = 0.020), genus Eubacterium fissicatena group (OR: 0.65, 95%CI: 0.42–0.99, p = 0.047), genus Escherichia Shigella (OR: 0.43, 95%CI: 0.21–0.89, p = 0.024), genus Peptococcus (OR: 0.63, 95%CI: 0.42–0.95, p = 0.028) and genus Sellimonas (OR: 0.60, 95%CI: 0.42–0.86, p = 0.005). Microbial taxa that increase the risk of endocarditis are genus Blautia (OR: 2.86, 95%CI: 1.36–6.02, p = 0.006) and genus Ruminococcus2 (OR: 1.90, 95%CI: 1.09–3.32, p = 0.024).
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FIGURE 3
 Causal effects of gut microbiota on endocarditis. From the inner circle to the outer circle, different statistical methods are represented: MR Egger, weighted median, inverse variance weighted, simple mode, and weighted mode.
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FIGURE 4
 Forest plot of the causal effects of gut microbiota on endocarditis. OR, odds ratio.
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FIGURE 5
 Scatter plots of the causal effects of gut microbiota on endocarditis. (A) Family Victivallaceae; (B) genus Eubacterium fissicatena group; (C) genus Blautia; (D) genus Escherichia Shigella; (E) genus Peptococcus; (F) genus Ruminococcus2; and (G) genus Sellimonas.


In addition, we conducted a sensitivity analysis, as shown in Table 1. No heterogeneity was found by using Cochran’s Q test (p > 0.05), and horizontal pleiotropy was not found by using the MR-Egger intercept, which indicates the reliability of the above results. Finally, we carried out visualization. Funnel plots and the leave-one-out method were used. As shown in Supplementary Figures S3, S4, the funnel plot is symmetrical, and no outliers in the SNPs are found. The leave-one-out method also shows that removing a single SNP does not have a fundamental effect on the overall results.



TABLE 1 Result of heterogeneity and pleiotropy test.
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3.3 Reverse MR analysis

To find out if there is reverse causality, we performed reverse MR analysis on the above 7 microbial taxa, taking endocarditis as exposure and gut microbiota as the outcome. We obtained nine instrumental variables, as shown in Supplementary Table S5, and we also calculated F statistics, which were greater than 10, avoiding the bias caused by weak instrumental variables. Similarly, we mainly consider the IVW results. The results of reverse MR analysis are shown in Supplementary Table S6. We found that there is a reverse causality relationship between the genus Eubacterium fissicatena group (OR = 0.940, 95%CI: 0.88–0.99, p = 0.048) and endocarditis. Additionally, no horizontal pleiotropy or heterogeneity were found either.




4 Discussion

In this study, we examined the potential causal connection between gut microbiota and endocarditis using the largest GWAS data on gut microbiota. It is the first time to study the connection between endocarditis and gut microbiota by using MR analysis. Five bacterial taxa, including family Victivallaceae, genus Eubacterium fissicatena group, genus Escherichia Shigella, genus Peptococcus and genus Sellimonas may play protective roles in the pathogenesis of endocarditis. Two bacterial taxa, including genus Blautia and genus Ruminococcus2, are risk factors for endocarditis. It provides new ideas for the diagnosis and treatment of endocarditis. Furthermore, a negative causal relationship between endocarditis and genus Eubacterium fissicatena group was confirmed.

Human health and illness are influenced by gut microbiota. Gut microbiota plays an important role in neurological diseases (Qiu et al., 2022), inflammatory bowel disease (Qiu et al., 2022), respiratory diseases (Ma et al., 2022), tumors (Xu et al., 2021) and cardiovascular diseases (Jin et al., 2019). In this study, we focused on the relationship between gut microbiota and cardiovascular disease. Studies have found that gut microbiota promotes or reduces the risk of cardiovascular disease by regulating metabolites (Sun et al., 2021) and inflammatory responses (Shikata et al., 2019; Wu et al., 2022). As the gut-heart axis has been proposed recently (Chen et al., 2020; Zhao P. et al., 2022), the link between gut microbiota and endocarditis is receiving more attention. It is reasonable to speculate that gut microbiota is related to endocarditis, and our study confirms the causal relationship between them.

Previous studies on the relationship between gut microbiota and endocarditis are very limited. The mechanism by which gut microbiota promotes or alleviates endocarditis is still unclear.

Our study identified that five bacterial taxa including family Victivallaceae, genus Eubacterium fissicatena group, genus Escherichia Shigella, genus Peptococcus and genus Sellimonas reduce the risk of endocarditis, and previous studies support our findings to some extent. Genus Eubacterium fissicatena group produces butyrate, which not only maintains normal intestinal permeability, but also exerts anti-inflammatory effects (Cammann et al., 2023). Genus Peptococcus plays an important role in antioxidant and maintenance of normal intestinal morphology (Zhang L. et al., 2021; Zhu et al., 2022). Besides, genus Sellimonas may play an important role in maintaining intestinal homeostasis by regulating metabolites (Munoz et al., 2020). However, studies on the probiotic function of family Victivallaceae and genus Escherichia Shigella are very limited. The mechanisms mentioned above might explain the probiotic functions of gut microbiota in endocarditis to some extent. Further, the five protective bacteria identified in this study may be used to prevent endocarditis through probiotic supplementation or fecal transplantation.

At the same time, our study also found that two bacterial taxa, including genus Blautia and genus Ruminococcus2, promote the risk of endocarditis. Genus Blautia may promote inflammatory responses by increasing the production of IL-6 and TNF-α (Wei et al., 2022). Ruminococcus2 decreases the expression of zonula occludens-1 and mucin 2, thereby damaging the intestinal barrier and promoting disease (Zhou et al., 2020). These mechanisms mentioned above may explain why these two bacteria promote endocarditis. Further, the concentration of genus Blautia and genus Ruminococcus2 in stool may serve as an indicator to predict the risk of endocarditis.

However, gut microbiota includes not only bacteria but also fungi and viruses (Fragkou et al., 2021). It is necessary to discuss the role of fungi and viruses in endocarditis. Previous studies have shown that gut fungi and viruses play an important role in endocarditis (Tattevin et al., 2014; Ezzatpour et al., 2023). The main components of gut fungi are Candida, Saccharomycetales, and Aspergillus, etc. (Zhang et al., 2022). Besides, Candida and Aspergillus are the main causes of fungal endocarditis (Antinori et al., 2014). They first cause fungemia, which leads to the adhesion of fungi to the heart valves, thus leading to fungal endocarditis (Ammannaya and Sripad, 2019). The gut virome mainly includes bacteriophages and eukaryotic viruses (Bhagchandani et al., 2023), and most of which are bacteriophages. Bacteriophages can enter the systemic circulation and play an important role in pro-inflammatory and anti-inflammatory responses, thereby playing a positive or negative role in human health (Neil and Cadwell, 2018; Stockdale and Hill, 2021). We can reasonably speculate that gut virome may also play an important role in promoting or alleviating endocarditis. Finally, gut mycobiome and virome may lead to changes in the structure of gut bacteria or intestinal mucosal permeability, which may cause the host to be susceptible to certain opportunistic pathogens or metabolites, leading to infectious diseases or noninfectious disease (Zhang F. et al., 2021; Cao et al., 2022).

Certain strengths are worth mentioning in our study: First, the MR method was implemented to analyze the causal link between gut microbiota and endocarditis, avoiding confounding factors and reverse causality. Secondly, compared with randomized controlled trials, MR studies save time and effort and can provide possible ideas for RCT design. Lastly, this study used the largest GWAS database on gut microbiota, which makes our study reliable.

However, there are some limitations. First of all, the data on gut microbiota and endocarditis are from European populations, and the generalization of our conclusions in other populations has certain limitations. Secondly, while our work sheds light on a potential causal relationship between gut microbiota and endocarditis, additional research on the precise mechanism is required. Mendelian randomization does not explain the underlying biological mechanisms of the causality between diseases, just as classical epidemiological studies do. Basic experiments are needed to discover the specific mechanism. Last but not least, the gut microbiota includes bacteria, fungi, viruses, and other microorganisms. Our study only analyzes the role of gut bacteria in endocarditis without analyzing the influence of gut fungi, viruses, and other microorganisms on endocarditis, which makes this study have certain limitations to some extent.



5 Conclusion

In conclusion, our work reveals the causal relationship between gut microbiota and endocarditis, and it provides a target for the diagnosis and treatment of endocarditis. The application of probiotic supplements or fecal transplantation may be used for the prevention of endocarditis.
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Introduction: Excessive intake of lactate caused by improper use of silage in animal husbandry has adverse effects on rumen fermentation, such as rumen acidosis. The speed of absorption and metabolism of D-lactate in rumen epithelial cells was slower than that of L-lactate, making D-lactate more prone to accumulate and induce rumen acidosis. Therefore, this study was conducted to explore the effects of dietary D-lactate levels on rumen fermentation of beef cattle and its mechanism in an in vitro system.

Methods: This experiment was adopted in single-factor random trial design, with 5 days for adaptation and 3 days for sample collection. Three treatments (n = 8/treatment) were used: (1) D-LA (0.3%), basal fermentation substrate with 0.3% (dry matter, DM basis) D-lactate; (2) D-LA (0.75%), basal fermentation substrate with 0.75% (DM basis) D-lactate; and (3) D-LA (1.2%), basal fermentation substrate with 1.2% (DM basis) D-lactate.

Results: With the dietary D-lactate levels increased, the daily production of total gas, hydrogen and methane, as well as the ruminal concentrations of acetate, propionate, butyrate, isobutyrate, valerate, isovalerate, total volatile fatty acid and D-lactate increased (p < 0.05), but the ruminal pH and acetate/propionate ratios decreased (p < 0.05). Principle coordinate analysis based on Bray-Curtis distance showed that increasing dietary D-lactate levels could significantly affect the structure of rumen bacterial community (p < 0.05), but had no significant effect on the structure of rumen eukaryotic community (p > 0.05). NK4A214_group, Ruminococcus_gauvreauii_group, Eubacterium_oxidoreducens_group, Escherichia-Shigella, Marvinbryantia and Entodinium were enriched in D-LA (1.2%) group (p < 0.05), as well as WCHB1-41, vadinBE97, Clostridium_sensu_stricto_1, Anaeroplasma and Ruminococcus were enriched in D-LA (0.3%) group (p < 0.05). Changes in the composition of ruminal microorganisms affected rumen metabolism, mainly focus on the biosynthesis of glycosaminoglycans (p < 0.05).

Discussion: Overall, feeding whole-plant corn silage with high D-lactate content could not induce rumen acidosis, and the metabolization of dietary D-lactate into volatile fatty acids increased the energy supply of beef cattle. However, it also increased the ruminal CH4 emissions and the relative abundance of opportunistic pathogen Escherichia-Shigella in beef cattle. The relative abundance of Verrucomicrobiota and Escherichia-Shigella may be influenced by glycosaminoglycans, reflecting the interaction between rumen microorganisms and metabolites.

Keywords
 beef cattle; D-lactate; rumen fermentation; microbiota; metabolomics


1 Introduction

Whole-plant corn silage was the most widely used silage worldwide. The production of high-quality silage must rely on the large amount of lactate produced by lactate-producing bacteria to inhibit the proliferation of harmful bacteria and reduce feed nutrient loss, thus achieving long-term preservation (He et al., 2020). However, lactate is closely related to rumen acidosis (Nocek, 1997). Excessive intake of lactate caused by improper use of silage in animal husbandry may induce rumen fermentation dysfunction and even rumen acidosis in ruminants (Beauchemin and Yang, 2005).

At present, there is little research on the impact of exogenous lactate intake caused by the use of silage on the rumen fermentation. Previous study showed that 90% of total lactate was metabolized in the rumen, which mainly produced acetate, propionate, and butyrate (Gill et al., 1986). In addition, protozoa play an important role in ruminal lactate metabolism (Chamberlain et al., 1983). According to optical activity, lactate can be divided into L-lactate, D-lactate, and DL-lactate formed by mixing L-lactate and D-lactate in equal amounts. The speed of absorption and metabolism of D-lactate in rumen epithelial cells was slower than that of L-lactate, making D-lactate more prone to accumulate and induce rumen acidosis (Prins et al., 1974; Nagaraja and Titgemeyer, 2007). Meanwhile, because the animal body lacks the enzyme to metabolize D-lactate, D-lactate absorbed into the blood can easily accumulate and cause metabolic poisoning (Lorenz and Gentile, 2014). Since D-lactate is more harmful than L-lactate, it is necessary to study the effect of dietary D-lactate levels on rumen fermentation and its mechanism.

In the early stage, we measured the D-lactate concentration of whole-plant corn silage produced in 20 different regions of China through meteorological chromatography. The results showed that the D-lactate concentration ranged from 0.57 to 2.04% (DM basis; unpublished). The above result also serves as a reference for setting the D-lactate concentration in this study. The rumen simulation technique (RUSITEC) system is an in vitro fermentation device that simulates physiological functions of rumen, aiming to reduce the limitations of in vivo experiments, such as inconsistencies in the genetic background and physiological status of individual animals. It plays an important role in the study of ruminal microorganism and ruminal fermentation mechanism (Guo et al., 2022). Therefore, the aim of current study was to investigate the effects of dietary D-lactate levels on rumen fermentation and its mechanisms using RUSITEC system.



2 Materials and methods


2.1 Animals, diets, and management

Three rumen-fistulated Xiangxi yellow cattle (Bos taurus; a local breed in Hunan province, China) with the body weight of 385 ± 28.7 kg (mean ± SD) were used and fed a mixed diet (Table 1) of whole-plant corn silage and concentrate (6:4; DM basis) in this experiment. The basal diet of rumen fluid donor cattle was formulated according to the nutritional requirements of cattle in the Chinese Feeding Standard of Beef Cattle (NY/T815-2004). The diet was provided twice a day in 2 equal meals at 08:00 and 20:00 h.



TABLE 1 Composition and nutrient levels of the basal diets and fermentation substrate (DM basis).
[image: Table1]



2.2 Rumen simulation technique fermentation

The construction and operation procedures of the RUSITEC system used for this experiment were previously introduced by Arowolo et al. (2022). Briefly, the RUSITEC system is a dual-flow continuous culture system for rumen fermentation in vitro, which is mainly composed of fermenters, water-cooled glass containers, computer-controlled step motors, anti-blocking motors and microcontroller units. It is also equipped with a computer for automatic operation and recording, and have a signal data acquisition and program control module.

During the operation of the RUSITEC system, the temperature of the fermenter was always maintained at 39 ± 0.5°C, the McDougall’s (1948) buffer solution was continuously injected into the fermenters at a set rate through a peristaltic pump, and the overflow liquid and undegraded feed particles of each fermenter were collected into the water-cooled glass jars with a 4°C water bath. Meanwhile, the RUSITEC system could automatically and continuously discharge solids, gases, and liquids from the fermenter, which more accurately simulates rumen fermentation in vivo.

Before the formal test, checked the airtightness of the RUSITEC system and conducted a trial run to ensure its normal operation. Rumen contents were collected from three rumen-fistulated Xiangxi yellow cattle before morning feeding, strained through four layers of gauze into a thermos preheated at 39°C and filled with CO2, and taken to the laboratory. Each fermenter was filled with 500 mL strained rumen fluid and 500 mL prewarmed McDougall’s buffer solution under a constant stream of N2. Then 20 g of fermentation substrate (DM basis) was put into each fermenter under a stream of N2. The composition of fermentation substrate was consistent with the dietary composition of rumen fluid donor cattle (Table 1). The whole-plant corn silage was dried at 65°C to remove D-lactate from it, and then the dried whole-plant corn silage and concentrate were ground to pass a 1-mm aperture sieve and mixed at a ratio of 6:4. The temperature of the fermenter was maintained at 39 ± 0.5°C by a circulating hot water bath within a water jacket and the fermenter contents stirred by a computer-controlled stirring step motor at the rate of 25 r/min. The McDougall buffer solution was injected into each fermenter by injection pumps, maintaining the passage rate at 6%/h. The overflow liquid and small undegraded feed particle from each fermenter were collected into the water-cooled glass container maintained at a constant temperature of 4°C by circulating cold water. 20 g of fermentation substrate was put into each fermenter at 08:30 and 20:30 h daily, with N2 injected to maintain the anaerobic environment of the fermenter.



2.3 Experimental design and treatments

Twenty-four fermenters were randomly assigned to three treatments: (1) D-LA (0.3%), basal fermentation substrate with 0.3% (DM basis) D-lactate; (2) D-LA (0.75%), basal fermentation substrate with 0.75% (DM basis) D-lactate; and (3) D-LA (1.2%), basal fermentation substrate with 1.2% (DM basis) D-lactate. In addition, based on previous study (Ren et al., 2020), we added 1.5% (DM basis) acetate and 0.3% (DM basis) propionate into the fermentation substrate to compensate for the loss of volatile fatty acids (VFAs) in whole-plant corn silage after drying. The experimental period lasted for 8 days, consisting of 5 days for adaptation and 3 days for sample collection.



2.4 Sample collection

5 mL of fermentation liquid samples filtered by four layers of gauze was collected from each fermenter and placed in a 30 mL centrifuge tube before morning feeding every day. Then 10 mL of methyl green staining liquor were added into the above 30 mL centrifuge tube and shaken to rest overnight for subsequent protozoa counting. The methyl green staining liquor was obtained by dissolving 6 g of methyl green and 8 g of NaCl in 1 L of 35% formaldehyde solution. From days 5 to 8, the gas emitted from each fermenter was collected into 3 L of gas bags and 15 mL of gas samples were collected from these gas bags for the determination of methane (CH4) and hydrogen (H2) concentrations. The volume of the remaining gas in these bags was measured with a syringe with a scale line. From days 5 to 8, solid samples in water-cooled glass containers were collected in the nylon bags, cleaned, dried, and stored for determination of nutrient content. From days 5 to 8, about 10 mL of fermentation liquid samples filtered by four layers of gauze were collected from each fermenter at the 0th, 2th, 4th, 6th, 8th, 10th, and 12th h after morning feeding, with pH measured using a portable pH meter (Starter 300; Ohaus Instruments Co. Ltd.). Then the rumen liquid samples were thawed and centrifuged at 12,000 g for 10 min at 4°C, then 1.5 mL of supernatants were transferred into several centrifuge tubes. Among them, samples of two centrifuge tubes acidified with 0.15 mL of 25% (w/v) metaphosphoric acid and stored at −20°C for later determination of individual VFAs and NH3-N concentrations. The remaining samples were stored at −20°C for later determination of for subsequent determination of microbial protein (MCP), L-lactate and D-lactate concentrations. About 4 mL of fermentation liquid samples filtered by four layers of gauze were collected from each fermenter at the 4th h after the morning feeding and divided into two centrifuge tubes, immediately transferred into liquid nitrogen, and stored at −80°C for later microbiome and metabolomics analysis. And about 2 mL of fermentation liquid samples filtered by four layers of gauze were collected from each fermenter before the morning feeding, immediately transferred into liquid nitrogen, and stored at −80°C for later determination of digestive enzymes activities.



2.5 Chemical and biochemical analysis

The mixture of fermentation broth and methyl green liquor was dropped onto the Sedgewick-Rafter counting plate and counted under an optical microscope, following the methods described by Kisidayová et al. (2021). The analysis for CH4 and H2 concentrations of the gas samples were carried out in accordance with the previous procedures (Arowolo et al., 2022).

The DM (method 930.15), organic matter (OM, method 942.02), ether extract (EE, method 922.06) and crude protein (CP, method 988.05) of the diets and fermentation residues were analyzed according to the procedures of AOAC (2006). In addition, the calcium (Ca, method 977.29) and phosphorus (P, method 995.11) contents in the diets were detected, following the instructions of AOAC (2006). The neutral detergent fiber (NDF) and acid detergent fiber (NDF) contents in the diets and fermentation residues were determined using the methods described by previous study (Van Soest et al., 1991).

The molar concentrations of the individual VFAs were detected by gas chromatography (Chen et al., 2022) and the NH3-N content was assayed using the phenol-hypochlorite method (Broderick and Kang, 1980). The analysis for MCP content was carried out in accordance with the prior procedures (Makkar et al., 1982). L-lactate and D-lactate concentrations were analyzed using commercial kits (Shanghai Kexing Trading Co., Ltd., Shanghai, China) with reference to the instructions. In addition, the digestive enzymes (α-amylase, polygalacturonase, cellulase, lipase and total protease) activities of samples were detected using commercial kits (Shanghai Kexing Trading Co., Ltd., Shanghai, China) with reference to the instructions.



2.6 Analyses of 16S RNA and 18S RNA genes

Microbial genomic DNA was extracted from the fermentation liquid samples using E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Inc., USA), following the manufacturer’s instructions. The purity and concentration of the obtained DNA was determined using TBS-380 and NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, United States), respectively. And the DNA integrity was checked with 1% agarose gel electrophoresis. These DNA samples were stored at −80°C for subsequent experiments.

The rumen microbial community structure can be obtained by sequencing the region of bacterial 16S rRNA gene and eukaryotic 18S rRNA gene. The V3 and V4 hypervariable region of bacterial 16S rRNA gene were amplified with the universal primers: 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′). And the V4 hypervariable region of eukaryotic 18S rRNA gene were amplified using the primers: 573F (5′-CGCGGTAATTCCAGCTCCA-3′) and 951R (5′-TTGGYRAATGCTTTCGC-3′). The purifying, quantifing and sequencing of 16S rRNA gene and 18S rRNA gene was performed on Illumina Miseq/Novaseq (Illumina, Inc., USA) platform at Beijing Allwegene Technology Co., Ltd. (Beijing, China).

Based on previous studies (Magoc and Salzberg, 2011; Chen et al., 2018), the original sequencing reads of 16S rRNA gene and 18S rRNA gene were demultiplexed, quality filtered, and merged. Qualified sequences were clustered into operational taxonomic units (OTUs) with 97% similarity using Uparse algorithm of Vsearch (v2.7.1) software, and all OTU representative sequences were classified into different taxonomic groups against Silva database using the BLAST tool. α-diversity indices (Chao1, Observed_species, PD_whole_tree and Shanon) based on the OTU information were calculated with QIIME software, and the difference test of these indices between the two groups were conducted by Wilcoxon rank-sum test. Principal coordinates analysis (PCoA) based on the Bray–Curtis distance at the OTU level was conducted for assessing β-diversity. And Adonis (PERMANOVA) analysis was performed to assess significant differences in β-diversity of bacteria and protozoa between the two groups. The taxonomic annotation and relative abundance of microbial species at phylum and genus levels were visualized as bar-plot diagrams using R (v3.6.0) software. The Wilcoxon rank-sum test within STAMP (version v.2.1.3) was used to identify differential phyla and genera between the two groups (confidence interval method). The linear discriminant analysis effect size (LEfSe) analysis was conducted by Python (v2.7) software to identify the signature microbiota between the two groups.



2.7 Metabolite extraction and UHPLC–MS–MS analysis

Metabolomics analysis was performed at Beijing Allwegene Technology Co., Ltd. (Beijing, China). A total of 50 μL of sample was transferred to an Eppendorf tube, and then 200 μL extraction solvent (methanol: acetonitrile = 1: 1 (v/v), containing isotopically-labeled internal standard mixture) was added. The mixture was ultrasonically treated in an ice-water bath for 10 min, followed by incubation at −40°C for 1 h to precipitate proteins. After centrifuging these samples at 4°C, 13800 g for 15 min, the supernatant was transferred to sample bottles for subsequent UHPLC–MS/MS analysis.

The supernatant was further separated using a UPLC system (Vanquish, Thermo Fisher Scientific), equipped with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm). And the mass spectrometry data were obtained using a Q Exactive HFX mass spectrometer (Orbitrap MS, Thermal). Mobile phase was composed of part A (25 mM ammonium hydroxide and 25 mM ammonium acetate in water) and par B (100% ACN). The autosampler was set to 2 L injection volume at 4°C. The MS/MS spectra was obtained by using the QE HFX mass spectrometer with the acquisition software information-dependent acquisition (IDA) mode (Xcalibur, Thermo). The ESI conditions were as follows: sheath gas flow was 30 Arb; capillary temperature was 350°C; auxiliary gas flow was 25 Arb; MS/MS resolution was 7,500; full MS resolution was 60,000; collision energy was 10/30/60 in NCE mode; spray voltage was 3.6 kV (positive) or −3.2 kV (negative), respectively. The raw data were converted to the mzXML formats by ProteoWizard software and then processed with an in-house program, which was developed using R and based on XCMS, for identification, extraction, alignment, and integration of peak.

Principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were performed using the R package MetaboAnalystR to differentiate variables between the two groups with calculated variable importance in projection (VIP) value. Unsupervised PCA exhibited the distribution of origin data, and supervised OPLS-DA were applied to attain a higher level of group separation and acquire a better understanding of variables responsible for classification. Then parameters R2Y and Q2 were calculated, which represented the explanatory power and predictive power of the OPLS-DA model, respectively. To avoid overfitting of the OPLS-DA model, 200 times permutation was further conducted. The metabolites with VIP values >1 and p < 0.05 (Student’s t-test) and fold change (FC) > 1.5 or < 0.67 were screened as significantly differential metabolites. These metabolites were annotated using KEGG,1 and the annotated metabolites were selected through MetaboAnalyst2 to search for potential metabolic pathways.



2.8 Statistical analysis

Statistical analyses were subjected to one-way ANOVA using SPSS 20.0 software (SPSS, Inc., Chicago, IL, USA), and expressed as means ± SEM. Duncan’s multiple range test was used to detect the significance of differences among treatment means. The Graphpad Prism 8.0 software (Origin, CA, USA) was used for visualization of partial results. Spearmen’s rank correlation tested the relationships between the differential metabolites and microorganisms (genus level). Statistical difference was, respectively, regarded as highly significant or significant at p < 0.01 or p < 0.05.




3 Results


3.1 Effects of dietary D-lactate levels on the rumen protozoa count of beef cattle

As shown in Figure 1, the rumen protozoa count of the three groups decreased rapidly between days 0 and 1, decreased slowly between days 2 and 4, and tended to be stable between days 5 and 8. The rumen protozoa count was not affected by dietary D-lactate levels (p > 0.05), but decreased with the increase of sample days (p < 0.05). There was no significant interaction between the dietary D-lactate levels and sampling days on the rumen protozoa count (p > 0.05).
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FIGURE 1
 Dynamic changes of the rumen protozoa count in the three groups from days 1–8.




3.2 Effects of dietary D-lactate levels on nutrient disappearance rates, digestive enzymes activities and gas production in the rumen of beef cattle

As shown in Table 2, the nutrient (DM, NDF, ADF, OM, CP and EE) disappearance rates and the digestive enzymes (α-amylase, polygalacturonase, cellulase, lipase and total protease) activities were not affected by dietary D-lactate levels (p > 0.05). However, with the increase of dietary D-lactate levels, the daily total gas, H2 and CH4 production increased (p < 0.05).



TABLE 2 Effects of dietary D-lactate levels on nutrient disappearance rates, digestive enzymes activities and gas production in the rumen of beef cattle.
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3.3 Effects of dietary D-lactate levels on dynamic changes in the ruminal fermentation parameters during 12 h after morning feeding

Dynamic variations of ruminal fermentation parameters from one feeding time point to another adjacent feeding time point for a total of 12 h were displayed in Figure 2. Overall, increasing dietary D-lactate levels increased ruminal acetate, propionate, butyrate, isobutyrate, valerate, isovalerate, TVFA and D-lactate concentrations (p < 0.05), but decreased the ruminal pH and acetate/propionate ratios (p < 0.05). The results also showed that all fermentation parameters except for L-lactate concentration were affected by sampling time (p < 0.05). There was a significant interaction between the treatments and sampling time on the ruminal propionate, butyrate, isobutyrate, TVFA and D-lactate concentrations (p < 0.05).

[image: Figure 2]

FIGURE 2
 Dynamic changes in ruminal fermentation parameters of beef cattle within 12 h after feeding. Dynamic changes in the ruminal (A) pH value, (B) NH3-N concentration, (C) MCP concentration, (D) acetate concentration, (E) propionate concentration, (F) butyrate concentration, (G) isobutyrate concentration, (H) valerate concentration, (I) isovalerate concentration, (J) TVFA concentration, (K) acetate/ propionate ratios, (L) L-lactate concentration, (M) D-lactate concentration, and (N) total lactate concentration. Data were shown as means ± SEM (n = 8). Values of each parameter with in a histogram at a certain time point with different small letter superscripts mean significant difference (p < 0.05). For each index, bars without sharing a common letter indicated significant differences (p < 0.05).


Specifically, ruminal pH in the D-LA (1.2%) group was lower (p < 0.05) than that in the D-LA (0.3%) group at the 2th h, and ruminal pH in the D-LA (1.2%) group was lower (p < 0.05) than that in other two groups at the 4th h (Figure 2A). At the 2th and 4th h, ruminal acetate concentration in the D-LA (1.2%) group was significantly higher than that in the D-LA (0.3%) group (Figure 2D). Ruminal propionate concentration increased (p < 0.05) with the dietary D-lactate levels increased at the 2th and the 6th h, and the propionate content in the D-LA (0.3%) group were lower (p < 0.05) than that in other two groups at the 4th h (Figure 2E). An increase (p < 0.05) in butyrate and TVFA concentrations was observed in response to the increasing dietary D-lactate levels at the 2th h, and ruminal butyrate and TVFA concentrations in the D-LA (0.3%) group were lower (p < 0.05) than that in other two groups at the 4th and 6th h (Figures 2F,J). Isobutyrate content in the D-LA (0.3%) group was lower (p < 0.05) than that in other two groups at the 2th and 4th h, and isobutyrate content in the D-LA (0.3%) group was lower (p < 0.05) than that in the D-LA (0.75%) group at the 6th h (Figure 2G). Valerate content in the D-LA (0.3%) group was lower (p < 0.05) than that in other groups at the 10th h (Figure 2H). Acetate/propionate ratios decreased (p < 0.05) with the increase of dietary D-lactate levels at the 2th h, and acetate/propionate ratios in the D-LA (0.3%) group were higher (p < 0.05) than that in the D-LA (1.2%) group at the 4th and 6th h (Figure 2K). An increase (p < 0.05) in D-lactate and total lactate concentrations was observed in response to the increasing dietary D-lactate levels at the 0th h (Figures 2M,N).



3.4 Effects of dietary D-lactate levels on rumen microbiota


3.4.1 Effects of dietary D-lactate levels on the composition and diversity of rumen bacterial community

As shown in Figure 3A, there was no significant difference between the two groups in the α-diversity indices (Chao1, Observed_species, PD_whole_tree and Shannon) of the bacterial community (p > 0.05). However, PCoA based on Bray-Curtis distance and Adonis test (Figure 3B) revealed that dietary D-lactate levels had a significant effect on the composition of ruminal bacteria (p < 0.05). At the phylum level, Bacteroidota, Firmicutes and Proteobacteria were the dominant bacteria in the two groups (Figure 3C). The relative abundance of Verrucomicrobiota was lower (p < 0.05) in the D-LA (1.2%) group than that in the D-LA (0.3%) group (Figure 3E). At the genus level, the relative abundance of Prevotella, Succinivibrionaceae_UCG-002, Rikenellaceae_RC9_gut_group were the dominant bacteria in the two groups (Figure 3D). The relative abundance of WCHB1-41, vadinBE97, Clostridium_sensu_stricto_1, Anaeroplasma and Ruminococcus in the D-LA (1.2%) group decreased (p < 0.05) as compared with those in the D-LA (0.3%) group (Figure 3F). In contrast, compared with the D-LA (0.3%) group, the relative abundance of NK4A214_group, Eubacterium_oxidoreducens_group, Escherichia-Shigella, Marvinbryantia and Eubacterium_hallii_group in the D-LA (1.2%) group decreased (p < 0.05) (Figure 3F).
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FIGURE 3
 Effects of dietary D-lactate levels on the composition and diversity of rumen bacterial community (n = 6). (A) α-diversity indices, including Chao 1, Observed_species, PD_whole_tree and Shannon. (B) β-diversity indicated by PCoA based on Bray-Curtis distance. The composition of rumen bacterial community of beef cattle at the (C) phylum and (D) genus levels. STAMP difference analysis of rumen bacterial community between the two groups at the (E) phylum and (F) genus level (top 10). (G) Bar charts showing LDA scores across treatments. Significant differences were defined as p < 0.05 and LDA score > 3.0.


The linear discriminant analysis effect size (LEfSe) analysis (Figure 3G) was performed to identify the differential microbiota that varied with dietary D-lactate levels. With a default LDA cutoff ±3, differential taxa totaling 1, and 1 in the D-LA (0.3%) group and D-LA (1.2%) group, respectively. The bacterial biomarkers in the D-LA (0.3%) group was WCHB1-41, and in the D-LA (1.2%) group was NK4A214_group.



3.4.2 Effects of dietary D-lactate levels on the composition and diversity of rumen eukaryotic community

As shown in Figures 4A,B, there was no significant difference in the α-diversity and β-diversity of the eukaryotic community between the two groups (p > 0.05). At the phylum level, Ciliophora was the dominant eukaryotes in the two groups (Figure 4C). There was no differential phylum between the two groups (p > 0.05). At the genus level, Entodinium, Eremoplastron, and Trichostomatia were the dominant eukaryotes in the two groups (Figure 4D). And the relative abundance of Entodinium in the D-LA (1.2%) group decreased (p < 0.05) as compared with that in the D-LA (0.3%) group (Figure 4E).
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FIGURE 4
 Effects of dietary D-lactate levels on the composition and diversity of rumen eukaryotic community (n = 6). (A) α-diversity indices, including Chao1, Observed_species, PD_whole_tree and Shannon. (B) β-diversity indicated PCoA based on Bray-Curtis distance. The composition of rumen eukaryotic community at the (C) phylum and (D) genus levels. (E) STAMP difference analysis of rumen eukaryotic community between the two groups at the genus level.





3.5 Effects of dietary D-lactate levels on the rumen metabolites

The UPLC-MS/MS platform was used to analyze the changes of rumen metabolites. After quality control, a total of 707 ruminal metabolites were identified and quantified in positive ion mode and negative ion mode. Principal component analysis (PCA) score plot was performed to visualize the overall differences of metabolites between the two groups. In PCA score plots (Figure 5A), the distance separating symbols between the two groups was much greater than that within groups, which indicated that significant differences in metabolites between the two groups (p < 0.05). The metabolite disturbances were characterized using the orthogonal partial least squares discriminant analysis (OPLS-DA) to further identify differences in metabolites between the two groups. The OPLS-DA score plots (Figure 5B) showed that there were differences in the distribution between the two groups. Both R2Y and Q2 values of the OPLS-DA model were greater than 0.5 (Supplementary Figure S1), indicating that this model had a good degree of reliability and predictive ability. In addition, 200 random permutations and combination testing was used to verify the accuracy of the model. As shown in Figure 5C, both the R2 and Q2 values were lower than initial values, demonstrating that this model was not overfitted (Fu et al., 2023).
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FIGURE 5
 Metabolites analysis of rumen fluid in the two groups by untargeted metabolic profiling (n = 6). (A) PCA of the ruminal metabolites between the two groups. (B) OPLS-DA of the ruminal metabolites between the two groups. (C) Permutation test of OPLS-DA. (D) Volcano map of metabolites. (E) Cluster analysis of differential metabolites between the two groups. (F) KEGG pathway enrichment analysis of differential metabolites between the two groups.


OPLS-DA model derived VIP scores ≥1.0, p < 0.05 in Student’s t-test, and FC values >2 or < 0.67 were used as criterion to screen out differentially expressed metabolites. Volcano plots were used to visually reveal 29 differential metabolites between the two groups, including 18 down-regulated and 11 up-regulated metabolites (Figure 5D and Supplementary Table S1). A further understanding of how ruminal metabolites change with increasing dietary D-lactate levels is essential. Therefore, hierarchical clustering analysis was performed for the above 29 differential metabolites. As shown in Figure 5E, samples of the two groups were mainly concentrated in two clusters. Compared with the D-LA (0.3%) group, metabolites that significantly decreased or increased in the D-LA (1.2%) group were separated clearly. Furthermore, the KEGG pathway enrichment analysis was performed to investigate the relevant metabolic pathways affected by dietary D-lactate levels. The above 29 differential metabolites were mainly enriched in 19 metabolic pathways. Five of the nineteen metabolic pathways metabolic pathways were differential between the two groups (p < 0.05), including glycosaminoglycan biosynthesis – chondroitin sulfate / dermatan sulfate, glycosaminoglycan biosynthesis – heparan sulfate / heparin, asthma, adrenergic signaling in cardiomyocytes, and neuroactive ligand-receptor interaction (Figure 5F).



3.6 Correlation analysis between the rumen differential microorganisms and metabolites

A Spearman rank correlation tested the relationships between the 11 differential microorganisms (genus level) and the 29 differential metabolites (Figure 6). There were complex interactions between the ruminal microbiota and metabolites, with each differential microorganism significantly correlated with at least seven differential metabolites (|r| > 0.6; p < 0.05). 2-acetyl-1-alkyl-sn-glycero-3-phosphocholine, Epinephrine, and 3′-phosphoadenosine-5′-phosphate were enriched in four differential metabolic pathways between the two groups. Entodinium, Clostridium_sensu_stricto_1, Eubacterium_oxidoreducens_group and Ruminococcus were significantly (|r| > 0.6 and p < 0.05) correlated with two of the three differential metabolites mentioned above. The above results indicated that Entodinium, Clostridium_ Sensu_ Stricto_ 1, Eubacterium_ oxidoreducens_ group and Ruminococcus may play a crucial role in D-lactate mediated changes in ruminal metabolism.
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FIGURE 6
 Statistical Spearman’s correlations between the differential microorganisms and metabolites. Red represented positive correlation, and blue represented negative correlation. ** indicated p < 0.01, and * indicated p < 0.05.





4 Discussion

The stability of the RUSITEC system during operation is related to the accuracy and reliability of experimental data. Protozoa, as the largest rumen microbiota, are easy to be observed under a microscope. Therefore, we preliminarily evaluated the operational status of the RUSITEC system by counting ruminal protozoa every day. In this experiment, the protozoa count rapidly decreased between days 1 and 5, and tended to be stable between days 6 and 8 (Figure 1 and Supplementary Table S2), which was consistent with previous study (Li et al., 2023). Therefore, it is reasonable for us to conduct sampling between days 6 and 8. Total gas production is an important indicator for evaluating rumen fermentation, which is positively correlated with the degradation degree of fermentation substrate (Krieg et al., 2017). In the current study, the total gas production increased with the increase of dietary D-lactate levels, but the nutrient disappearance rates were not affected by dietary D-lactate levels. This phenomenon may be due to the metabolism of D-lactate to VFAs accompanied by gas generation, rather than an increase in the degradation degree of fermentation substrate. H2 is an important intermediate in the production of acetyl-CoA from the reduction equivalent released by oxidative decarboxylation of pyruvate during rumen fermentation (Lourenço et al., 2010). Therefore, the increased dietary D-lactate may be metabolized to produce more pyruvate, leading to an increase in H2 through increasing the oxidative decarboxylation of pyruvate. Moreover, H2 can be utilized by methanogens to produce CH4 (Du et al., 2018). This could partly explain the increase in CH4 production with increasing of dietary D-lactate levels.

Rumen pH plays an important role in maintaining the growth and metabolism of rumen microorganisms. The rumen pH value in the range of 6.0 to 7.0 indicates that the rumen is in a healthy status (Calsamiglia et al., 2002). In this study, the ruminal pH values of the three groups ranged from 6.2 to 6.8, indicating that increasing dietary D-lactate levels had no negative affect on the ruminal health status. Moreover, increasing dietary D-lactate levels reduced ruminal pH, which mainly due to the increase of acetate, propionate, butyrate, isobutyrate and total VFA concentrations. It is worth noting that lactate-to-VFAs conversion could promote the ruminal buffering, which is an important mechanism to prevent ruminal acidosis (Penner et al., 2009). Acetate could be utilized to produce CH4 by acetotrophic methanogens (Liu et al., 2001). It could be thus inferred that the increase in acetate concentration and H2 production with the increase of dietary D-lactate levels may jointly lead to an increase in CH4 production in this study. In this trial, the decrease of acetate/propionate ratios indicated that increasing dietary D-lactate levels could improve the energy supply of beef cattle by changing rumen fermentation pattern. In addition, D-lactate could be rapidly metabolized to a relatively stable level after morning feeding, which was consistent with previous study (Chamberlain et al., 1983).

In the present work, we illustrated the effects of increasing dietary D-lactate levels on the taxonomic composition of rumen bacteria and eukaryotes. At the phylum level, Verrucomicrobiota was the only differential bacteria between the two groups, and there was no differential eukaryote between the two groups. Verrucomicrobiota contains highly specialized species degrading complex polysaccharides, such as WCHB1-4 (van Vliet et al., 2019). In this study, Verrucomicrobiota was enriched in the D-LA (0.3%) group, indicating that increasing dietary D-lactate levels may have adverse effects on polysaccharide degradation in the rumen. At the genus level, Escherichia-Shigella is an opportunistic bacterium that can cause infection of the gastrointestinal tract (Suh et al., 2014). The relative abundance of Escherichia-Shigella in the D-LA (1.2%) group was higher than that in the D-LA (0.3%) group, suggesting that increasing dietary D-lactate levels could increase the risk of infection of the gastrointestinal tract in beef cattle. In addition, Escherichia-Shigella can metabolize formate into CO2 and H2 to obtain energy (Yoshida et al., 2005). Lactate is catalyzed by lactate dehydrogenase to produce pyruvate, and a portion of pyruvate can be catalyzed by pyruvate formate-lyase to form formate in rumen. It could be thereby assumed that increasing dietary D-lactate levels may increase ruminal formate content to provide more energy for Escherichia-Shigella, ultimately leading to the increase in the relative abundance of Escherichia-Shigella, H2 production and total gas production. With the exception of vadinBE97, WCHB1-41 and Escherichia-Shigella, the other seven differential bacteria belong to Firmicutes. In addition, Entodinium was the most dominant protozoan genus in the two groups, and the only one differential protozoan genus between the two groups. It plays an important role in the generation of ruminal CH4 (Ranilla et al., 2007). Therefore, Entodinium may make an important contribution to the increase in H2 and CH4 production caused by increasing dietary D-lactate levels. Previous study showed that the relative abundance of methanogens was not always positively correlated with ruminal CH4 production (Danielsson et al., 2012). This may explain that there was no significant difference in the relative abundance of methanogens between the two groups in this study. The main metabolites are different in different species, so changes in the composition of microbial community may affect the molar proportion of individual VFAs in rumen (Saleem et al., 2013). NK4A214, Eubacterium_ Oxidoreducens_ group, Eubacterium_ hallii_ group and Marvinbryantia mainly produce butyrate (Hold et al., 2002; van der Beek et al., 2017; Mukherjee et al., 2020; Verhoeven et al., 2021), Clostridium_ Sensu_ Stricto_ 1, Anaeroplasma and Ruminococcus mainly produce acetate (Lee et al., 2020; Lu et al., 2020; Chen et al., 2021), as well as Entodinium could phagocytose starch and greatly contribute to the production of propionate (Ivan et al., 2000). Therefore, increasing dietary D-lactate levels increased the relative abundance of butyrate-producing and propionate-producing microorganisms, but decreased the relative abundance of acetate-producing microorganisms, which may lead to the decrease in acetate / propionate ratios.

Apart from affecting the composition of ruminal microbiota, increasing dietary D-lactate levels also altered the ruminal metabolism. In the current study, the glycosaminoglycan biosynthesis was closely related to D-lactate metabolism (Figure 7). The differential metabolite enriched in this metabolic pathway was 3′-phosphoadenosine-5′-phosphate (PAP), which was produced from sulfation modification of glycosaminoglycan chains by 3′-phosphoadenosine-5′-phosphosulfate (PAPS) (Figure 7). Correlation analysis showed that PAP was significantly negatively correlated with Entodinium and Eubacterium_oxidoreducens_group. Entodinium and Eubacterium_oxidoreducens_group could degrade fiber and starch to produce VFAs (Ivan et al., 2000; Lu et al., 2020). The increase in the products of glycolytic pathway such as VFAs could reduce the carbon flux toward glycosaminoglycan synthesis (Liu et al., 2023; Figure 7). Therefore, the glycosaminoglycan biosynthesis may be affected by the increase in the relative abundance of Entodinium and Eubacterium_oxidoreducens_group. Moreover, previous studies showed that chondroitin and heparin could inhibit the proliferation of pathogens such as Escherichia coli and reduce them infection of gastrointestinal epithelial cells (Gu et al., 2008; Chen et al., 2012; Unver et al., 2023). In this trail, the relative abundance of Escherichia-Shigella increased with the increase of dietary D-lactate levels. It could be inferred that the increase in the relative abundance of Escherichia-Shigella may be related to the alteration of the glycosaminoglycan (heparin and chondroitin) biosynthesis. It’s worth noting that the relative abundance of Verrucomicrobiota may be related to the alteration of glycosaminoglycan biosynthesis. Verrucomicrobiota contains glycoside hydrolases and sulfatases, which makes it regarded as a key degrader of glycosaminoglycan (Orellana et al., 2022). For example, Zhou et al. (2019) reported that feeding heparin could increase the relative abundance of Verrucomicrobiota in the mice. Accordingly, the alteration of glycosaminoglycan biosynthesis may in turn affect the relative abundance of Verrucomicrobiota and Escherichia-Shigella, reflecting the complex interaction between ruminal microorganisms and metabolites. The further research is required to clarify the causal relationship between the ruminal microbiota and metabolites.

[image: Figure 7]

FIGURE 7
 Lactate metabolism pathway, glucosaminoglycan biosynthesis pathway and the connection between the two pathways. AP, acrylate pathway; SP, succinate pathway; GP, glycolytic pathway; PPP, pentose phosphate pathway; GAG, glucosaminoglycan; UDP, uridine 5′-diphosphate; UDP-GlcNAc, UDP-N-acetylglucosamine; UDP-GalNAc, UDP-N-acetylgalactosamine; UDP-GlcUA, UDP-glucuronic acid; PAPS, 3′-phosphoadenosine-5′-phosphosulfate; PAP, 3′-phosphoadenosine-5′-phosphate.




5 Conclusion

In summary, increasing dietary D-lactate levels could increase VFAs concentrations and reduce acetate/propionate ratios, thus improving the energy supply of beef cattle. However, it also brought some negative effects, manifested as the increases in ruminal CH4 production and the relative abundance of Escherichia-Shigella. Multi-omics analysis demonstrated that increasing dietary D-lactate levels changed certain rumen microorganisms, resulting in the decrease in acetate/propionate ratios, the increase in CH4 and H2 production, and the alteration of glycosaminoglycan synthesis in the rumen. The current investigation not only facilitated our understanding of the influence mechanism of dietary D-lactate on rumen fermentation, but also provided scientific reference for the rational application of whole-plant corn silage in ruminant production. However, further investigation is needed on the metabolic process of dietary D-lactate in the rumen.
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Objective: Investigating the causal relationship between Lachnospiraceae and Appendicular lean mass (ALM) and identifying and quantifying the role of Aminopeptidase O Protein (AOPEP) as a potential mediator.

Methods: The summary statistics data of gut microbiota composition from the largest available genome-wide association study (GWAS) meta-analysis conducted by the MiBioGen Consortium (n = 13,266). Appendicular lean mass data were obtained from the UK-Biobank (n = 450,243). We conducted bidirectional two-sample Mendelian randomization (MR) analysis using summary-level data from GWAS to investigate the causal relationship between Lachnospiraceae and ALM. Additionally, we employed a drug-targeted MR approach to assess the causal relationship between AOPEP and ALM. Finally, a two-step MR was employed to quantitatively estimate the proportion of the effect of Lachnospiraceae on ALM that is mediated by AOPEP. Cochran's Q statistic was used to quantify heterogeneity among instrumental variable estimates.

Results: In the MR analysis, it was found that an increase in genetically predicted Lachnospiraceae [OR = 1.031, 95% CI (1.011–1.051), P = 0.002] is associated with an increase in ALM. There is no strong evidence to suggest that genetically predicted ALM has an impact on Lachnospiraceae genus [OR = 1.437, 95% CI (0.785–2.269), P = 0.239]. The proportion of genetically predicted Lachnospiraceae mediated by AOPEP was 34.2% [95% CI (1.3%−67.1%)].

Conclusion: Our research reveals that increasing Lachnospiraceae abundance in the gut can directly enhance limb muscle mass and concurrently suppress AOPEP, consequently mitigating limb muscle loss. This supports the potential therapeutic modulation of gut microbiota for sarcopenia. Interventions such as drug treatments or microbiota transplantation, aimed at elevating Lachnospiraceae abundance and AOPEP inhibition, synergistically improve sarcopenia in the elderly, thereby enhancing the overall quality of life for older individuals.
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AOPEP, Mendelian randomization, gut microbiota, appendicular lean mass, sarcopenia


1 Introduction

Sarcopenia is a progressive, systemic condition characterized by the pathological deterioration of skeletal muscle strength, quantity, and quality, and it is frequently observed in the elderly population (Zhang et al., 2023). In individuals aged 60 and above, the prevalence of muscle loss is estimated to be between 10 and 27%. Predictions indicate that by the year 2050, approximately two billion people globally will be affected by muscle loss (Petermann-Rocha et al., 2022). Muscle loss is associated with an increased risk of various adverse conditions, including limited mobility, heightened susceptibility to illnesses, increased hospitalization, and elevated mortality rates (Cruz-Jentoft et al., 2010). However, effective treatment methods are currently lacking (Cohen et al., 2015). Therefore, it is essential to explore economically effective treatment methods or provide a basis for therapeutic directions.

Recently, the concept of the “gut-muscle” axis regulation has been proposed and three specific gut microbiota species (Grahnemo et al., 2023) have been identified to be closely associated with appendicular lean mass (Bäckhed et al., 2007). In mice, it has been established that the gut microbiota can modulate muscle mass (Janssen et al., 2004; Kim et al., 2017), and similar findings have been corroborated in humans as well (Lv et al., 2021). Research conducted by the Hunt study queue has demonstrated an association between Coprococcus come, Dorea longicatena, and Eubacterium ventriosum with higher ALM (Grahnemo et al., 2023), but the mechanism is unclear. The AOPEP play a pivotal role in preserving skeletal muscle mass and myodystony (Schmidt et al., 2009; Hsu et al., 2021). Changes in the abundance of Lachnospiraceae are commonly associated with sarcopenia and disorders of muscle tone (Sampson et al., 2016; Picca et al., 2019; Ticinesi et al., 2020; Štorkánová et al., 2021). Consequently, AOPEP might be a potential mediator between Lachnospiraceae and ALM.

However, the results regarding the Lachnospiraceae and its relation to limb muscle mass have been controversial to date (Vacca et al., 2020). Observational studies have indicated that in elderly individuals with sarcopenia, the abundance of the Lachnospiraceae is significantly lower compared to control groups (Picca et al., 2019; Ticinesi et al., 2020; Štorkánová et al., 2021). Conversely, other studies have shown that within the Firmicutes phylum, the Lachnospiraceae is positively correlated with body fat and waist circumference, while being negatively associated with muscle mass and physical activity levels (Palmas et al., 2021). These discrepancies may arise from limited sample sizes, study design limitations, and confounding factors beyond the scope of existing research.

Mendelian randomization (MR) (Beeghly-Fadiel et al., 2020; Titova et al., 2020; Ahmed et al., 2021; Lu et al., 2021) represents a promising causal inference approach employing genetic variation as an instrumental variable to ascertain the impact of exposure factors on outcomes within observational datasets. This method has the capacity to mitigate the influence of non-measurement errors and confounding variables, all while circumventing issues of reverse causality by leveraging the principles of Mendelian inheritance. Our primary objectives encompass (i) the investigation of a potential causal relationship between Lachnospiraceae and ALM and (ii) the evaluation of the degree to which AOPEP mediates the effects of Lachnospiraceae on ALM.



2 Materials and methods


2.1 Study design

In this research, we conducted a two-sample MR study utilizing summary data from GWAS datasets to assess the relationship among gut microbiota, AOPEP expression and ALM in Figure 1. We also performed sensitivity analyses to validate the reliability of our findings. MR hinges upon three fundamental assumptions: (1) the instrumental variable must exhibit a strong association with the exposure factor; (2) the instrumental variable should not be correlated with any confounding factors associated with the “exposure-outcome” relationship; (3) the instrumental variable should only influence the outcome variable through the exposure factor. These assumptions are integral to the validity of MR and are rigorously tested throughout our study (Bandres-Ciga et al., 2020; Chen et al., 2020; Feng et al., 2020; Jones et al., 2020; Larsson et al., 2020; Saunders et al., 2020; Scheller Madrid et al., 2020; Zhu et al., 2020).


[image: Figure 1]
FIGURE 1
 Study flow chart. (A) “c” represents the total effect when genetically predicted Lachnospiraceae serves as the exposure variable and ALM as the outcome. “d” signifies the total effect when genetically predicted ALM is the exposure variable and Lachnospiraceae is the outcome. (B) (i) Indirect effect, which was assessed using a two-step approach that involves “a” as the total effect of Lachnospiraceae on AOPEP and “b” as the effect of AOPEP on ALM. (ii) Direct effect (c′= c – a × b).




2.2 Data source

The genetic variation data for gut microbiota were derived from the Meta-analysis conducted by the MiBioGen Consortium, representing the most extensive investigation to date into the genomic scope of gut microbiota composition (Kurilshikov et al., 2021). This expansive study encompassed a cohort of 18,340 individuals drawn from 24 distinct cohorts, with the majority being of European descent (n = 13,266). In the MiBioGen Consortium research, the genus was the lowest taxonomic level. A total of 131 genera were identified, each with an average abundance exceeding 1%, including 12 unknown genera (Li et al., 2022). GWAS data concerning ALM were procured from the UK Biobank (https://www.ukbiobank.ac.uk/), with access facilitated through the IEU_Gwas platform. This dataset encompassed 450,243 samples and comprised a staggering 18,071,518 SNP loci, furnishing a robust foundation for our investigation (Pei et al., 2020).



2.3 Instrumental variables

In order to maximize the utility of instrumental variables (IVs), the following selection criteria were employed: (1) SNP significance threshold: SNPs within loci demonstrating a significant threshold (P < 1.0 × 10−5) with each genus were considered as potential instrumental variables. (2) Reference panel utilization: The 1000 genomes project European sample data served as the reference panel for calculating linkage disequilibrium (LD) between SNPs. Among SNPs with an LD coefficient (R2) <0.01 within a 30 kb window, only those with the lowest P-values and an F-statistic >10 were retained. (3) Handling of Palindromic SNPs: in cases involving palindromic SNPs, allelic frequency information was used to infer the forward strand alleles (Sanna et al., 2019; Li et al., 2022). In this study, only cis-eQTLs (expression quantitative trait loci) in the trans configuration were considered for generating genetic instruments. These were defined as eQTLs located within 1 Mb on either side of the target gene. To maximize the instrumental strength for each genus, SNPs used as instruments were allowed to exhibit low linkage disequilibrium with each other (R2 <0.30) (Willer et al., 2013; Huang et al., 2021).



2.4 Statistical analysis
 
2.4.1 Primary analysis

Figure 1 provides a schematic overview of our analysis. We conducted a bidirectional two-sample MR to assess the reciprocal causation between Lachnospiraceae and ALM (Figure 1A), representing the total effect. To estimate MR effects, we employed various methods to ensure robustness. The Inverse Variance Weighting (IVW) method, which combines Wald ratios of causal effects for each SNP through meta-analysis, was utilized as the primary approach. In addition to IVW, we complemented our analysis with the MR-Egger and weighted-median methods, each catering to different assumptions of instrument validity. The IVW method relies on the assumption that all SNPs are valid instrumental variables, enabling accurate estimation results. MR-Egger, on the other hand, assesses directional pleiotropy of instrumental variables, with the intercept offering an estimate of the average pleiotropy of genetic variation. The weighted median method boasts higher precision, indicated by a smaller standard deviation, when compared to MR-Egger. Importantly, the weighted median method provides consistent estimates even in the presence of horizontal pleiotropy, even if up to 50% of the genetic variants are deemed invalid instruments.



2.4.2 Mediation analysis

We further employed a two-step MR design for conducting a mediation analysis to explore whether AOPEP mediates the causal pathway from Lachnospiraceae to the ALM outcome (Figure 1B). We took examples from drug target MR analysis to investigate the effect of AOPEP on ALM. The overall effect can be decomposed into indirect effects (mediated through the mediator) and direct effects (effects without mediation). The total impact of Lachnospiraceae on ALM can be separated into (1) the direct effect of Lachnospiraceae on ALM (c′ in Figure 1B) and (2) the indirect effect of Lachnospiraceae on ALM mediated through AOPEP (a × b in Figure 1B). We calculated the percentage mediated by the mediation effect by dividing the indirect effect by the total effect, simultaneously computing the 95% confidence interval.

This study employed the Summary Data-based Mendelian Randomization (SMR) method, utilizing eQTLs as instrumental variables to generate effect estimates (Zhu et al., 2016). This approach investigates associations between gene expression levels and the outcomes of interest, utilizing summary-level data from GWAS and eQTL studies. SMR software version 1.3.1 was used for allele harmonization and analysis. The IVW method was primarily employed for effect estimation. Allele harmonization and analysis were conducted using the TwoSampleMR package in R software version 4.3.0. All statistical tests were two-tailed, with statistical significance defined as P < 0.05.





3 Results


3.1 The association between Lachnospiraceae and AOPEP

Incorporating relevant SNPs associated with the gut microbiota of the Lachnospiraceae from MiBioGen and cis-eQTLs for AOPEP gene expression from eQTLGen resulted in a total of 1,197 and 722 SNPs, respectively. Out of these, four instrumental variables suitable for MR analysis were identified, each with an F-statistic exceeding 10, indicating a strong association with the exposure factor. This rigorous selection process minimized the potential bias introduced by weak instrumental variables. Based on predictive outcomes, a close relationship between gut microbiota and AOPEP gene expression was revealed. The IVW method estimated an effect size with an OR of 0.141 [95% CI (0.118–0.167), P = 5.879 × 10−108] in Figure 2. The Weighted Median method also demonstrated a similar causal relationship with an OR of 0.144 [95% CI (0.007–0.264), P = 4.482 × 10−10], while Simple Mode and Weighted Mode yielded results consistent with the aforementioned methods. However, the Mr-Egger method did not yield comparable findings in Figure 3A. To assess the stability of these results, additional Mr-Egger and Mr-PRESSO tests were conducted on the included SNP loci. No potential horizontal pleiotropy (P > 0.05) was detected in either test, and funnel plots (Figure 3D) revealed no evidence of bias in the study. Corrected Cochran's Q statistics indicated no significant heterogeneity in the effects of the included SNPs (P > 0.90). Furthermore, leave-one-out sensitivity analyses were employed to evaluate the influence of each SNP locus on the overall causal relationship. The results demonstrated no significant differences in the observed causal relationship when systematically removing individual SNPs and reanalyzing, underscoring that the estimated effect could not be attributed to any single genetic instrument.
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FIGURE 2
 Forest plot to visualize the causal effects of AOPEP with Lachnospiraceae and ALM.
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FIGURE 3
 Scatter and funnel plot. (A–C) are scatter plots, the horizontal axis represents the SNP effect on exposure, while the vertical axis illustrates the SNP effect on the outcome. The IVW method represents the causal relationship between exposure and outcome through the slope of the line. A positive slope indicates a positive correlation, while a negative slope suggests a negative correlation. Each point in (A–C) represents a SNP used for MR analysis, with the length of the line segment indicating the standard error. (D–F) are funnel plots employed to assess heterogeneity in SNP. The horizontal axis representing the effect of SNP and the vertical axis representing precision.




3.2 The association between AOPEP and ALM

A total of 722 cis-eQTLs pertaining to the AOPEP gene were identified from the eQTLGen, with 78 of these exhibiting significant associations. SMR analysis results unveiled a significant correlation between increased AOPEP gene expression and decreased ALM [OR = 0.835, 95% CI (0.793–0.878), P = 3.81 × 10−12]. This suggests that suppressing AOPEP gene expression may lead to an increase in ALM. The same causal relationship was also demonstrated in the IVW-MR analysis [OR = 0.95, 95% CI (0.943–0.956), P = 1.04 × 10−48] as shown in Figures 2, 3B. The other MR methods results and the results of SMR are shown in Supplementary material.



3.3 The association between Lachnospiraceae and ALM

A total of 1,197 SNPs related to the Lachnospiraceae from MiBioGen and 1,193 SNPs associated with limb muscle mass from GWAS studies were incorporated for investigation. Among these, nine SNPs were selected for MR analysis. All SNPs exhibited F-statistics exceeding 10, signifying strong associations with the exposure factor. This rigorous selection process minimized potential bias introduced by weak instrumental variables. Based on IVW-MR predictions, there was causal association between the Lachnospiraceae and ALM [OR = 1.031, 95% CI (1.011–1.051), P = 0.002]. The other methods did not provide any indication of a causal relationship from Lachnospiraceae to ALM in Figure 3C. In the reverse MR analysis, the IVW method [OR = 1.437, 95% CI (0.785–2.269), P = 0.239] indicates that there is no causal relationship from ALM to Lachnospiraceae. Considering the IVW as the primary effect estimation indicator, it can be concluded that there is only causal relationship between the Lachnospiraceae and ALM. The proportion of genetically predicted Lachnospiraceae mediated by AOPEP was 34.2% [95% CI (1.3%−67.1%)].

At last, various sensitivity analyses were employed to examine and rectify the presence of pleiotropy in causal estimates in Figure 4. IVW and MR-Egger were used to estimate the causal relationship between genetically predicted among Lachnospiraceae, AOPEP and ALM in Figure 5. Cochran's Q test and funnel plots (Figures 3D–F) indicated that there was no evidence of heterogeneity and horizontal pleiotropy among these SNPs in the causal relationships (Supplementary Tables 2, 4, 6, 8, 10, 12).
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FIGURE 4
 Forest plot to visualize the impact of removing a single SNP on the overall effect. (A) Represents the MR analysis between Lachnospiraceae and AOPEP. (B) Represents the MR analysis between Lachnospiraceae and ALM. (C) Represents the MR analysis between AOPEP and ALM. The horizontal axis represents beta values, while the vertical axis depicts the SNP ID and the cumulative effect size after the removal of individual SNP.
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FIGURE 5
 Forest plot to visualize causal effects of each single SNP on outcome risk. (A) Represents the individual effects of each single SNP on AOPEP expression in the MR analysis comparing Lachnospiraceae and AOPEP. (B) Represents the individual effects of each single SNP on ALM risk in the MR analysis comparing Lachnospiraceae and ALM. (C) Represents the individual effects of each single SNP on ALM risk in the MR analysis comparing AOPEP and ALM. The horizontal axis corresponds to beta values, and the vertical axis displays SNP ID along with the overall effect size beta values obtained through both MR-Egger and IVW methods.





4 Discussion

While recent research has validated the relationship between Lachnospiraceae and ALM, the evidence has been limited to observational studies, which could be influenced by confounding factors. Our study aimed to establish the causal effect of Lachnospiraceae on ALM. We utilized MR analysis to investigate the association between Lachnospiraceae and ALM based on existing GWAS data and to demonstrate whether their relationship is mediated through AOPEP. Our results indicate a genetically predicted increased risk in ALM associated with Lachnospiraceae (a 1 SD increase in Lachnospiraceae is linked to a 3.1% increase in ALM risk), with 34.2% of this effect being mediated by AOPEP.

To our knowledge, this is the first time that MR methods have been employed to study the causal relationship between Lachnospiraceae and ALM, and it confirms Aminopeptidase O Protein as the mediator. Our findings are consistent with results from observational studies. Nikkhah et al. (2023) showed through a meta-analysis of the results of seven human studies and five animal studies that the genera that decreased in individuals with age-related sarcopenia were Lachnospiraceae, Fusicatenibacter, Roseburia, Eubacterium, Lachnoclostridium, and Slackia. Observational studies have shown that Lachnospiraceae and Aminopeptidase O Protein co-regulate angiotensin and muscle metabolism (Bai et al., 2021; Bajaj et al., 2021; Schulz et al., 2021; Sun et al., 2021). Additionally, research has identified pathogenic genes related to muscle atrophy, such as AOPEP (Fevga et al., 2022; Garavaglia et al., 2022; Menden et al., 2022; Zech et al., 2022; Lin et al., 2023; Thomsen et al., 2023), suggesting a potential novel approach for patients with cachexia to improve muscle symptoms by altering the composition of gut microbiota. Both investigations adopted an observational design. Firstly, they exhibited relatively low response rates across the two groups. Secondly, the outcomes were susceptible to greater influence from reverse causality and other potential confounding effects compared to MR analyses.

The human gastrointestinal tract harbors a vast and intricate microbial community known as the gut microbiota, comprising as many as thousands of bacterial species in adults (Matijašić et al., 2020). Notably, the phyla Firmicutes and Bacteroidetes collectively dominate about 95%, exerting substantial influence over the overall gut microbiota's functionality (Deng and Swanson, 2015). This intricate symbiotic relationship between the gut microbiota and the human host has evolved over millennia, with the microbiota playing a pivotal role in various aspects of human health. The gut microbiota and its metabolic byproducts contribute significantly to functions such as aiding in food digestion and nutrient absorption, synthesizing vitamins and energy, safeguarding the integrity of the intestinal mucosal barrier, and playing essential roles in crucial metabolic processes, immune regulation (Brusca et al., 2014; Sathyabama et al., 2014), and defense against pathogenic invaders. A plethora of studies has linked alterations in the composition of the gut microbiota to the development of numerous chronic diseases, including inflammatory bowel disease (Koboziev et al., 2014), metabolic disorders (Fukuda and Ohno, 2014), obesity, malnutrition, neurodegenerative diseases (de Theije et al., 2014), cardiovascular disorders (Vinjé et al., 2014), and muscle metabolism (Schmidt et al., 2009; Hsu et al., 2021).

Skeletal muscle is the largest organ in the human body, accounting for ~40% of body mass (Guridi et al., 2015). Furthermore, skeletal muscle serves various other functions, including acting as a reservoir for major macronutrients, protecting internal organs, regulating core temperature, and communicating with other organs within the body through the release of cytokines and growth factors (Pedersen and Febbraio, 2008). The muscles of the limbs constitute 75% of the total body muscle mass (Heymsfield et al., 1990; Chaston et al., 2007). Therefore, muscular dystrophy is largely manifested as a reduction in muscle mass in the limbs. Existing research has demonstrated the correlation between ALM and physical activity, bone density, and metabolic function. With advancing age, there is a reduction in skeletal muscle mass, accompanied by an increase in fat infiltration and muscle fibrosis. Over time, this phenomenon can impact limb functionality and lead to paralysis (Nikkhah et al., 2023). Therefore, preserving muscle mass holds significant importance.

Systemic inflammation and resistance to metabolite synthesis play a critical pathophysiological role in muscle atrophy (Holeček, 2017). Elevated levels of muscle TNF-α, NF-κB, and IL-6 can induce muscle atrophy by activating muscle atrophy-related and protein-hydrolyzing genes (MAFbx and MurF1). Lachnospiraceae has the ability to synthesize short-chain fatty acids (SCFAs) (Ticinesi et al., 2020; Štorkánová et al., 2021). Butyrate can increase the content of tight junction proteins and plaque proteins involved in cell-to-cell connections (Anderson and Van Itallie, 2009), thereby contributing to the enhancement of intestinal barrier function and reducing endotoxin entry into the bloodstream. Additionally, butyrate can bind and activate the nuclear transcription factor PPARγ, counteracting the NF-κB signaling pathway, thus alleviating inflammation and preventing muscle loss (Alex et al., 2013). After muscle tissue intake of acetate increases, the catalytic activity of acetyl-CoA synthetase is enhanced, leading to the production of a large amount of acetyl-CoA and an increase in cytoplasmic AMP, resulting in an elevated AMP/ATP ratio (Itsuki-Yoneda et al., 2007). This decrease in glycolysis reduces and increases the storage of glycogen in skeletal muscles (Fushimi et al., 2001). Furthermore, the increased AMP/ATP ratio leads to increased AMPK phosphorylation, upregulation of lipolysis genes LCACD, 3 KACT, and PPAR, thereby reducing fat infiltration in the muscles (Yamashita et al., 2009). The above mechanistic studies illustrate that Lachnospiraceae can enhance limb muscle mass, consistent with our findings.

Aminopeptidase O Protein (AOPEP) is a protein-coding gene. This gene encodes a member of the M1 zinc aminopeptidase family. The encoded protein is a zinc-dependent metallopeptidase that catalyzes the removal of amino acids from the N-terminus of proteins or peptides. This protein plays a role in the generation of angiotensin in the renin-angiotensin system, and its associated pathways include peptide hormone metabolism and muscle protein metabolism (Wu et al., 2011). Mutations in AOPEP were found to be associated with muscle atrophy and impaired muscle tone in a large-scale multicenter study (Fevga et al., 2022; Garavaglia et al., 2022; Zech et al., 2022; Lin et al., 2023). However, the mechanism by which AOPEP acts on ALM is currently unclear. Lachnospiraceae is involved in angiotensin and AOPEP metabolism (Sun et al., 2021). Therefore, AOPEP may lead to limb muscle loss by mediating Lachnospiraceae role in muscle metabolism. The above mechanisms, both directly and indirectly, elucidate the relationship between Lachnospiraceae, AOPEP, and ALM, providing support for our research findings.

Transplanting gut microbiota to increase the abundance of Lachnospiraceae in patients has been shown to improve the production of short-chain fatty acids (SCFAs) in the gut. This modulation helps regulate inflammation and the systemic immune environment, thereby alleviating hepatic encephalopathy caused by cirrhosis (Bajaj et al., 2019) and severe acute malnutrition (Castro-Mejía et al., 2020). As mentioned earlier, inflammation plays a crucial role in muscular dystrophy. Therefore, modulating the gut microbiota to enhance Lachnospiraceae abundance holds great potential for treating muscular dystrophy. Our study provides a basis for increasing Lachnospiraceae abundance in the gut as a therapeutic approach for muscular dystrophy, further enriching the understanding of the role of microbiota in disease treatment. Additionally, AOPEP, as an intermediary factor, offers new clues for exploring the pathophysiological mechanisms and drug development. Furthermore, since muscular dystrophy is a risk factor for cognitive impairment, treating muscular dystrophy may contribute to reducing cognitive decline in the elderly (Shimada et al., 2021; Du et al., 2022). Similar research approaches can be employed to explore more intermediary factors, providing robust evidence for investigating the pathophysiological mechanisms and metabolic pathways of diseases.

However, there are still some limitations in our research. Firstly, our analysis was conducted using a European population, which limited its generalizability to other populations. Secondly, the number of cases in the ALM GWAS dataset was relatively small, and it was hoped that larger GWAS datasets will be available for future validation. Thirdly, even though we took measures to identify and eliminate outliers and variations, we cannot entirely rule out the possibility of horizontal pleiotropy affecting our results. Fourth, our study utilized summary-level statistics rather than individual-level data, which prevented us from further exploring causality between subgroups, such as females and males. Fifth, our research indicated a genetic prediction rate of 34.2% for muscle loss mediated by AOPEP, which was relatively low. Considering the involvement of other factors like vitamins, exercise, fatty acids, and immunoregulatory peptides in muscle metabolism, further research is needed to quantify the contributions of these other mediators. Finally, further in vivo and in vitro experiments are needed to validate the role of AOPEP in the ALM.



5 Conclusion

Our study, utilizing MR analysis, demonstrates that increasing the abundance of Lachnospiraceae in the gut can directly enhance limb muscle mass and also suppress AOPEP, thereby indirectly reducing limb muscle loss. This provides evidence for the modulation of the gut microbiota as a therapeutic approach for sarcopenia. Therefore, interventions such as drug treatments or microbiota transplantation aimed at augmenting the abundance of Lachnospiraceae and AOPEP inhibitor synergistically improve sarcopenia in the elderly, thereby enhancing the overall quality of life for older individuals.
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Fecal scores are crucial for assessing the digestive and gastrointestinal status of animals. The Bristol fecal scoring system is a commonly used method for the subjective evaluation of host feces, there is limited research on fecal scoring standards for fattening Hu sheep. In this study, Hu sheep were collected for rumen, rectum, and colon contents for 16S rDNA sequencing. 514 Hu sheep feces were scored based on the Bristol fecal scoring system, and production performance at each stage was measured. Finally, we developed the scoring standard of the manure of Hu sheep in the fattening period (a total of five grades). The result shows that moisture content significantly increased with higher grades (p < 0.05). We analyzed the relationship between fecal scores and production traits, blood indices, muscle nutrients, and digestive tract microorganisms. The growth traits (body weight, body height, body length, average daily gain (ADG), and average daily feed intake (ADFI) during 80–180 days), body composition traits of the F3 group, and the carcass traits were found to be significantly higher (p < 0.05) than those of the F1 and F2 groups. There was no significant difference in gastrointestinal microflora diversity among all groups (p > 0.05). Significant differences were observed in Aspartate aminotransferase, Glucose, Total bilirubin, and Red Blood Cell Count between groups (p < 0.05). The mutton moisture content in group F4 was significantly higher than in the other groups, and the protein content was also the lowest (p < 0.05). The results of the correlation analysis demonstrated that Actinobacteria, Peptostreptococcaceae, Acidaminococcales, Gammaproteobacteria, and Proteobacteria were the significant bacteria affecting fecal scores. In addition, Muribaculaceae and Oscillospiraceae were identified as the noteworthy flora affecting growth performance and immunity. This study highlights the differences in production traits and blood indicators between fecal assessment groups and the complex relationship between intestinal microbiota and fecal characteristics in Hu sheep, suggesting potential impacts on animal performance and health, which suggest strategies for improved management.
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Introduction

Feces include feed residues, metabolic byproducts, mucus secreted by digestive glands, epithelial cells shed from gastrointestinal mucosa, and metabolic waste (Fernández-Ibáñez et al., 2009; Lyons et al., 2016). The morphology of fecal patterns can somewhat indicate the gastrointestinal health of livestock. The Bristol fecal scoring system (BSFS), proposed by Heaton et al. in 1997, divides fecal matter into 7 morphology-based grades, which are mainly used to identify changes in human intestinal function (Nordin et al., 2022). The BSFS has emerged as a standard for consistent fecal forms and is widely employed in research and medical settings. The manure-scoring system for pigs and cattle is relatively mature (Renaud et al., 2020; Wang et al., 2021), while the manure-scoring system for sheep is rarely reported. Fecal scoring provides a means of evaluating the digestive health of animals. The timely detection of an animal’s digestive problems can be achieved by evaluating and comparing the color, shape, and odor of feces, enabling the implementation of appropriate dietary adjustments and feeding management measures. Hence, fecal scoring holds significant importance in animal production and management.

Gut microflora plays a critical role in host health. It has the potential to regulate gastrointestinal physiology and pathophysiology (de Vos et al., 2022). Intestinal flora produces bioactive small molecule metabolites that act as ligands for G protein-coupled receptors and hormone receptors, such as short-chain fatty acids, lipids, N-acrylamides, and amino acid metabolites, thereby affecting animal growth and development (Tanes et al., 2021). Numerous studies have demonstrated that rumen microflora influences ruminant growth traits. In a study by Daghio et al. (2021), it was found that the relative abundance of bovine rumen microorganisms Ruminococcaceae UCG-01, Treponema 2, and Lachnospiraceae NK3A20 group had a negative correlation with growth performance, whereas the relative abundance of Succinivibrionaceae UCG-002, Rikenellaceae RC9 gut group, and Fibrobacter had a positive correlation with growth performance. The colon performs the role of absorbing water and electrolytes and regulating the expulsion of intestinal substances. The colon microflora interacts with various components of the colon, such as different types of mucosal epithelial cells, immune response cells, and neuromuscular tissue, to maintain the normal functioning of the colon (Moran and Jackson, 1992). Fecal dominant phyla include Firmicutes, Bacteroidetes, Proteobacteria, and Fusobacteria, and fecal microorganisms have also been associated with host growth and fat deposition (Chen et al., 2021; Zhao et al., 2022). Gastrointestinal microorganisms are closely related to host growth, development, and immunity.

The fecal score can effectively reflect animals’ digestive function and health status, and the BSFS is currently widely used. The mature rumen has important physiological functions such as absorption, transport, metabolic activity, and host protection, and the dysfunction of the intestinal mucosal barrier is an important pathophysiological feature of diarrhea. Fecal scores are widely used to judge the degree of diarrhea in animals, so previous studies have focused on diarrhea in young animals, but there have been few studies on changes in fecal scores in mature animals of the microflora, the relationship between fecal scores and phenotypes, and the effects of microorganisms on fecal scores. Therefore, this study conducted performance measurement and fecal morphology evaluation on a large scale of Hu sheep, aiming to establish a fecal scoring standard of Hu sheep, explore the relationship between fecal score and production performance and immune performance, and provide a reference for quickly understanding the growth and health status of Hu sheep.



Materials and methods


Animals and management

In this study, 514 healthy Hu sheep male lambs from Hu sheep breeding farms in Wuwei, Gansu, Hangzhou, Zhejiang, and Huzhou, Zhejiang were selected as test subjects. All lambs were weaned at 56 days of age, and after weaning, they were transferred to the experimental base in Minqin (Minqin County, Gansu Province, China, N38°34′, E102°59′, altitude 1,378 m) for single pen rearing. Pellets were fed during the all experimental period, and the experimental feeds were formulated according to the recommended formula of the Chinese sheep feeding standard (NY/T816-2004), the ration formula is shown in Supplementary Table S1, and the pellets were made by Gansu Runmu Bioengineering Limited Liability Company (Jinchang City, Gansu Province, China). All sheep underwent routine immunization procedures administered by specialized veterinarians. The test period included 14 days of the transition period, 10 days of the pre-feeding period, and 100 days of the test period, and slaughter was conducted at the end of the feeding test. Each single pen was equipped with a separate feeding trough and drinking trough, and all sheep fed and drank freely. All sheep were managed in the same way and at the same nutritional level.



Traits measurement and sample collection

All sheep were subjected to traits measurements (body weight, body height, body length, chest circumference, and cannon circumference) before morning feeding (having fasted for more than 12 h) at 80, 100, 120, 140, 160, and 180 days of age. The feed intake of each sheep was recorded every 10 days, and the difference between the feed intake and food refusal was taken as the ADFI. The calculation of feed conversion ratio (FCR) was performed according to Horodyska et al. (2017), which is (FCR) = ADFI/ADG.

All sheep were slaughtered at 180 days of age. The visceral organs of all sheep were divided according to tissue parts stripped of fat and weighed and recorded as absolute weight. Rumen content samples were collected from each sheep in 5 mL cryotube after slaughter (n = 487). Based on the grouping of fecal scores as described above, 15 Hu sheep near the median of each group were selected and feces and colon contents were collected in a 5 mL cryotube, respectively. The samples were stored at −80°C. They were subsequently sent to Novogene (Beijing, China) for 16S rDNA sequencing.

Before slaughter, 2.5 mL and 5 mL blood were collected from the jugular vein of 180-day-old Hu sheep, respectively, for the determination of blood physiological and biochemical indexes. Blood physiological indexes were determined by Mindary Automatic Animal Blood Cell Analyser BC-2800 Vet (Shenzhen, China). The collected 5 mL of blood was centrifuged, and the serum was immediately transferred to a centrifuge tube and stored in an ultra-low-temperature refrigerator at −80°C, and the blood biochemical indexes were measured by Mindary automatic biochemical analyzer BS-350S (Shenzhen, China). The collected rumen fluid was measured by a PANNA gas chromatograph (A91PLUS, PANNA Instruments Co., Ltd., China); the chromatographic column was an S.N17-11-010 capillary column (Analytical Technology, China); the chromatographic conditions were inlet temperature of 250°C, nitrogen flow rate of 5.4 mL/min, shunt ratio of 5:1, injection volume of 1 μL, programmed heating mode (190°C for 3 min, then 30°C/min to 240°C, hold for 1 min), flame ionization detector (FID) 250°C, and FID air, hydrogen and nitrogen flow rates of 300, 30 and 20 mL/min, respectively. The samples of the longest back muscle of Hu sheep were collected for the determination of routine nutrient composition (fat, moisture, salt, protein, and collagen). The routine nutrient composition determination of the longest back muscle was performed based on (Foodscan 2, fosschina, China, Beijing) with three biological replicates for each sample and two technical replicates for each biological replicate.



Fecal morphology observation and moisture determination

With reference to the BSFS, staff were first arranged to train Hu sheep manure scoring. At the age of 140, 160, and 180 days of Hu sheep, the fresh feces of Hu sheep were observed and recorded by fixed personnel (to minimize the error caused by subjective factors) and then collected for the determination of fecal moisture content according to the method specified in the national standard GB5009.3–2016. Finally, Hu sheep manure scoring criteria at the fattening stage were established according to morphology and water content and with reference to the BSFS. The formula for moisture calculation was as follows: total moisture content of feces (%) = (mass of fresh feces - mass of dried feces sample at 105°C)/mass of fresh feces × 100.



Library construction and sequencing

The microbial DNA extraction method was referred to by Zhang et al. (2021). DNA from rumen contents was extracted using the EasyPure Stool Genomic DNA Kit (All Style Gold Biotech Co., Ltd., Beijing, China). The concentration and purity of DNA were checked on a 1% agarose gel, and the concentration of DAN was diluted to l ug/μL using sterile water. The library was constructed using the TruSeq® DNA PCR-Free Sample The libraries were constructed using the TruSeq® DNA PCR-Free Sample Preparation Kit, and the quality of the libraries was assessed by Qubit@2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2,100 platform, and the assessed libraries were subjected to high-throughput bipartite sequencing on the Illumina NovaSeq platform.



Species annotation

After sequencing, bipartite reads for each sample were differentiated and matched based on specific sample barcodes, and the barcodes and primer sequences were cut. The FLASH program merged the bipartite reads1 to generate Raw tags. The quality control process used QIIME (v1.9.1, http://qiime.org/scripts/split libraries fastq.html) to filter the raw tags and generate clean tags. The UCHIME algorithm2 was used to compare the clean tags with a reference database (Silva database, https://www.arb-silva.de/) to remove chimeric sequences. The final result is valid tags (Clean Data) for subsequent analysis. Sequences were de-weighted (dereplication) using QIIME 2 and clustered with 100% similarity (Identity = 100%) to obtain ASVs (Amplicon Sequence Variants, ASVs) sequences. And the species annotations of ASV sequences were performed in the Silva138 database.



Data analysis

Alpha diversity indices of samples were calculated using Qiime software (Version 1.7.0). Beta diversity was calculated using R (vegan package) to calculate sample distances (Bray-curtis) and plot PCoA. Differential microbes were analyzed using the galaxy platform.3 All means and standard errors were statistically derived from SPSS 26.0, and one-way ANOVA and LSD were used to test for differences between groups. Spearman correlation analysis was performed using RStudio software (openxlsx package, pheatmap package, psych package).




Results


Fecal scoring

After observing the fecal patterns of 514 sheep for 140 d, 160 d, and 180 d, we finally formulated the fecal scoring grades (five grades in total) for the fattening period of the sheep, and the results are shown in Figure 1A. Subsequently, the moisture content of the feces of different grades was measured (Figure 1B), and it was found that there were significant differences in moisture content among the grades. Grade 1 is dispersed granular manure with a moisture content of about 67%; grade 2 is intact pellets bonded together with a moisture content of about 69%; grade 3 has a long, stringy shape with a strangled surface and a moisture content of about 75%; grade 4 has a long, stringy shape with a smooth surface and a moisture content of about 81%; and grade 5 is soft, watery manure of no defined shape and a moisture content of about 88%. The moisture content of the feces increased significantly (p < 0.05) as the grade of fecal score increased. As shown in Figures 1C–E, the prevalence of grades 1 and 3 was higher at 140 and 160 days of age, ranging from 35 to 46%, and grade 4 was the highest at 180 days of age, with a prevalence of 34.63%.
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FIGURE 1
 Fecal scoring of Hu sheep. (A) Different fecal scoring grades of fecal morphology. (B) The moisture content of different fecal scoring levels. Different lowercase letters indicate significant differences. (C–E) Incidence of different fecal score grades at 140d, 160d, and 180d.




Characterization of rumen, colon, and rectum microflora of Hu sheep with different fecal scores


Sequencing data presentation

In this study, 16S rDNA sequencing was performed on rumen microbes of 487 Hu sheep, colon microbes of 36 Hu sheep, and rectal microbes of 45 Hu sheep. As shown in Supplementary Figure S1, the dilution curves of the rumen, colon, and rectal samples all leveled off, indicating that the depth could cover the vast majority of the microorganisms in each sample, which was in line with the analytical needs.



Diversity analysis

Based on the mean values of fecal scores of the test sheep at three stages of 140, 160, and 180 days of age, all the test sheep were divided into four groups, i.e., group F1 (1 ≤ fecal score < 2), group F2 (2 ≤ fecal score < 3), group F3 (3 ≤ fecal score < 4), and group F4 (4 ≤ fecal score < 5).

The results of Alpha diversity of rumen, colon, and rectum in different fecal scoring groups are shown in Supplementary Table S2. The results showed that the Simpson index in the rumen of group F1 was significantly higher than that of group F3 (p < 0.05), and the Chao 1 index of group F4 was significantly higher than that of group F1 (p < 0.05). There was no significant difference (p > 0.05) between the groups of Chao 1, Shannon, and Simpson in the colon and rectum. Bray_curtis distances were calculated separately for rumen, colon and rectum based on the ASV data and the Permanova test was performed. The PCoA (Principal Coordinates Analysis) results of rumen, colon, and rectum based on the Bray_curtis distances showed overlap between the F1, F2, F3, and F4 groups in different positions (Figure 2).
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FIGURE 2
 Principal Co-ordinates analysis based on Bray_curtis distances in Hu sheep with different fecal scores. (A) Rumen; (B) colon; (C) rectum.




Analysis of species composition

The species accumulation diagrams for the rumen, colon, and rectal are shown in Figure 3. A total of 65 phyla were identified in the rumen. The dominant phyla in the rumen were Bacteroidota, Firmicutes, Spirochaetota, Proteobacteria, and Fibrobacterota. A total of 56 phyla were identified in the colon, and the dominant phyla in the colon were Firmicutes, Bacteroidota, Proteobacteria, Fibrobacterota, and Verrucomicrobiota. A total of 41 phyla were identified in the rectum and the dominant phyla in the rectum were Firmicutes, Bacteroidota, Spirochaetota, Desulfobacterota, and Proteobacteria. Differential microorganisms at the phylum level in the rumen, colon, and rectum are shown in Figure 4. There were eight rumen differential phyla in different fecal scoring groups of Hu sheep, namely Halobacterota, Bacteroidota, Bdellovibrionota, Calditrichota, Deinococcota, Dependentiae, Hydrogenedentes and Myxococcota (p < 0.05). One differential phylum of colon, Desulfobacterota (p < 0.05). six rectal differential phyla, Thermoplasmatota, Fusobacteriota, Proteobacteria, Actinobacteriota, Firmicutes, and Patescibacteria (p < 0.05). The relative abundance of Halobacterota, Bdellovibrionota, Calditrichota, Deinococcota, Dependentiae, Hydrogenedentes, and Myxococcota in the rumen was significantly higher in group F4 than in the other three groups (p < 0.05). The relative abundance of Desulfobacterota was significantly higher in the colon F4 group than in the F1 and F3 groups (p < 0.05). In the rectum, Proteobacteria and Actinobacteriota had the highest relative abundance in group F3; Fusobacteriota and Firmicutes had a significantly higher relative abundance in group F4 than in the other three groups; Patescibacteria had the highest relative abundance in group F1, and Thermoplasmatota in group F2 (p < 0.05).
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FIGURE 3
 Species composition at the phylum level in Hu sheep with different fecal scores. (A) Rumen; (B) colon; (C) rectum.
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FIGURE 4
 Microbial phylum that differ in Hu sheep between groups with different fecal scores. (A–H) Rumen; (I) colon; (J–O) rectum. Different lowercase letters indicate significant differences (p < 0.05).


In order to compare the differential microorganisms in the rumen, colon, and rectum of Hu sheep in different fecal scoring groups, we performed LEfSe analysis with the setting of LDA ≥ 2, and the results are shown in Supplementary Figure S2. A total of three differential microorganism were identified in the rumen, Eubacterium_sp_AB3007 and Pseudoxanthomonas enriched in group F4 and Alloprevotella_s_uncultured_organism enriched in group F2. A total of 11 differential microorganism were identified in the colon, Cellvibrionaceae, Cellvibrio, Ensifer_adhaerens enriched in group F1, Actinobacteria, Caproiciproducens, Caproiciproducens-s_uncultured_bacterium, Peptostreptococcaceae-g_uncultured-s_uncultured_bacterium, Peptostreptococcaceae-g_uncultured, Verrucomicrobia_bacterium were enriched in group F2 and Cellvibrionales, Cellvibrio_sp_OA_2007 were enriched in group F4. A total of 21 differential microorganism were identified in the rectum, Acidaminococcales, Acidaminococcaceae, Negativicutes, Gammaproteobacteria, Succinivibrio, Succinivibrionaceae, Aeromonadales, Proteobacteria enriched in group F1, Prevotella, Archaea, enriched in group F2, Phascolarctobacterium, Desulfovibrio, Desulfobacterota, Desulfovibrionia, Desulfovibrionales, Desulfovibrionaceae enriched in group F3, Peptostreptococcales_Tissierellales, Muribaculaceae, Oscillospiraceae_g_uncultured enriched in group F4.



Differential microbial and phenotypic correlation analysis

Correlation analyses were performed in order to investigate the correlation between differential microorganism in the rumen, colon, and rectum and the phenotypes of Hu sheep. The results of the correlation between rumen differential microorganism and phenotypes are shown in Figure 5. The results showed that Eubacterium_sp_AB3007 was significantly and positively correlated with FCR and residual feed intake (RFI), Mean corpuscular Hemoglobin Concentration (MCHC), Monocyte Count (MONO), Total bilirubin (TBIL), the percentage of valeric acid, butyrate, and isovaleric acid in Hu sheep from 80–180 d, and was significantly and negatively correlated with the (relative) weight of tail fat, Hematokrit (HCT), Mean Corpuscular Volume (MCV), and Alkaline phosphatase (ALP) (p < 0.05). Pseudoxanthomonas was significantly positively correlated with MCHC and significantly negatively correlated with HCT, MCV, Triglyceride (TG), Albumin (ALB), Aspartate aminotransferase (AST), Creatinine (CR), and Total protein (TP) (p < 0.05). Prevotella_s_uncultured_organism was significantly positively correlated with MONO, and Creatine kinase (CK) and negatively associated with TG (p < 0.05). Prevotella_s_uncultured_organism was significantly positively correlated with HCT and TG (p < 0.05). Pseudoxanthomonas was significantly negatively correlated with HCT and TG and significantly negatively correlated with TG (p < 0.05).
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FIGURE 5
 Spearman correlation analysis between rumen differential microflora and phenotype. (A) Correlation analysis between rumen differential microflora and production performance. (B) Correlation analysis between rumen differential microflora and blood physiological indexes. (C) Correlation analysis between rumen differential microflora and blood biochemical indices. (D) Correlation analysis between rumen differential microflora and VFA. * means p < 0.05, ** or *** means p < 0.01. The same below.


The correlation between colonic differential microbes and phenotypes is shown in Figure 6. The results showed that Caproiciproducens and Caproiciproducens-s_uncultured_bacterium were significantly positively correlated with pre-slaughter live weight, carcass weight, carcass length, carcass hip circumference, and ADG of 80–180 d. Actinobacteria is significantly positively correlated with perineal fat weight and relative weight, Red Cell Distribution Width-Standard Deviation (RDW-SD), MCV, and Mean Corpuscular Hemoglobin (MCH), and negatively correlated with LYPMH and Red Blood Cell Count (RBC). Verrucomicrobia_bacterium was significantly positively correlated with ALP and negatively correlated with carcass length. There was a significant negative correlation between Cellvibrionales and the birth weight of Hu sheep. Peptostreptococceaceae-g_uncultured was significantly positively correlated with CK and negatively correlated with TG.
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FIGURE 6
 Spearman correlation analysis between colon differential microflora and phenotype. (A) Correlation analysis between colon differential microflora and production performance. (B) Correlation analysis between colon differential microflora and blood physiological indexes. (C) Correlation analysis between colon differential microflora and blood biochemical indices.


The correlation between rectal differential microbes and phenotype is shown in Figure 7. The results showed that Peptostreptococcales_Tissierellales, Muribaculaceae, and Oscillospiraceae_g_uncultured were significantly negatively correlated with body weight and tail fat weight of Hu sheep. Prevotella, Muribaculaceae were significantly positively correlated with Platelet (PLT) and Thrombocytocrit (PCT). Desulfobacterota is significantly and positively correlated with ALP, Direct bilirubin (DBIL), and GLU. Acidaminococcales were significantly negatively correlated with DBIL and Glucose (GLU).
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FIGURE 7
 Spearman correlation analysis between rectum differential microflora and phenotype. (A) Correlation analysis between rectum differential microflora and production performance. (B) Correlation analysis between rectum differential microflora and blood physiological indexes. (C) Correlation analysis between rectum differential microflora and blood biochemical indices.





Comparison of production performance of different fecal scoring groups


Growth traits

The growth traits of Hu sheep in different fecal scoring groups were compared and the results are shown in Table 1. The results showed that the body weight of 140–180 d, ADG of 80–140 d, 80–160 d, and 80–180 d, and ADFI of 80–140 d, 80–160 d, and 80–180 d in group F3 were significantly higher than those of groups F1 and F2 (p < 0.05). The FCR of 80–120 d was significantly lower in group F3 than in the other three groups (p < 0.05). The FCR of group F3 showed a trend of being lower than that of the other three groups, and the overall trend of body height, body length, chest circumference, and cannon circumference was that group F3 was higher than that of groups F1, F2, and F4.



TABLE 1 Comparative analysis of growth traits of Hu sheep with different fecal scores.
[image: Table1]



Carcass traits

Comparative analysis of carcass traits of Hu sheep with different fecal scores is shown in Table 2. Carcass chest circumference, and hip circumference of sheep in group F3 were significantly higher than those in groups F1 and F2 (p < 0.05). the relative weight of mesenteric fat in group F4 was significantly lower than that in the other three groups (p < 0.05), and group F3 was significantly lower than groups F1 and F2 (p < 0.05).



TABLE 2 Comparative analysis of carcass traits of Hu sheep with different fecal scores.
[image: Table2]



Body composition traits

A comparison of the composition of the digestive tract of Hu sheep with different fecal scores are shown in Table 3. The absolute weight of rumen, absolute weight of reticulum, absolute weight of rumen, total weight of stomach, absolute weight of cecum, and absolute weight of colon were significantly higher in group F3 than in group F1 and F2 (p < 0.05). Duodenum weight, jejunum weight, total intestinal weight, and total weight of the digestive tract were significantly higher in group F4 than in the other three groups (p < 0.05).



TABLE 3 Comparative analysis of composition of the digestive tract of Hu sheep with different fecal scores.
[image: Table3]

The results of the comparison of the weight of tissue organ in different fecal scores groups are shown in Supplementary Table S3. Hoof weight, absolute weight of fur, absolute weight of liver, absolute weight of lung, and absolute weight of kidney of Hu sheep in group F3 were significantly higher than those in groups F1 and F2 (p < 0.05).



Comparison of blood indicators

The comparative analysis of blood biochemical and physiological indices of Hu sheep with different fecal scores is shown in Tables 4, 5, respectively. The level of AST was significantly higher in group F2 than in group F3 (p < 0.05), the level of serum GLU was significantly higher in groups F2 and F3 than in group F1 (p < 0.05), and the level of TBIL was significantly higher in group F4 than in the other three groups (p < 0.05).



TABLE 4 Comparative analysis of serum biochemical indices in Hu sheep with different fecal scores.
[image: Table4]



TABLE 5 Comparative analysis of blood physiological indices in Hu sheep with different fecal scores.
[image: Table5]




Rumen volatile fatty acids and comparison of mutton quality

The results of rumen VFA of Hu sheep in different fecal scoring groups are shown in Supplementary Table S4. The results showed that group F4 had the highest percentage of isovaleric acid and isovaleric acid, and the rest of the VFA indexes were not significantly different among the groups. In order to investigate whether there was any difference in the quality of longest back muscle of Hu sheep in different fecal scoring groups, we measured the quality of the longest back muscle, and the results are shown in Supplementary Table S5. The results showed that the moisture content of the F4 group was significantly higher than the other three groups, and the protein and collagen content of the F4 group was significantly lower than the other three groups (p < 0.05).




Discussion

Sheep farming has been intensified and housed with the development of farming technology, but problems such as high farming density and low exercise are prone to the occurrence and spread of diseases. The state of feces is one of the clinical manifestations of many diseases, so appropriate fecal scoring can provide a reference for the initial assessment of the health status of Hu sheep (Xin et al., 2021). The fecal form is closely related to the moisture content of feces (Graham et al., 2018), but the moisture content of different forms of feces has rarely been reported. Therefore, in this study, we established a fecal scoring standard for Hu sheep during the fattening period based on the Bristol fecal scoring (Nordin et al., 2022) and moisture content, and the moisture content of different grades of feces differed significantly. The fecal scores at different growth stages show dynamic changes, so effective feeding management in this situation can further improve sheep performance.

The growth trait is one of the most important traits in meat livestock. It is a complex quantitative trait with medium to high heritability, and the growth performance of meat livestock is closely related to the economic benefits of farm (Van De Stroet et al., 2016). Studies on growth performance found that there were differences in the growth performance of Hu sheep in different fecal scoring groups, with body weight, ADG, body height, body length, chest circumference, and cannon circumference being higher in the F3 group than in the other three groups, which suggests that fecal scoring may reflect the growth performance of Hu sheep to a certain extent. The increase in mass and volume of visceral tissues and organs as well as the change in internal structure are important factors for the healthy growth and development of animals, which are of great significance in guiding theoretical research and production practice (Wang et al., 2021). The weight of visceral tissue organs of sheep in F3 group was significantly higher than that of F1 and F2 groups. The gastrointestinal tract of sheep is the organ and tissue of the organism that ingests food, absorbs nutrients, maintains the balance of body fluids and electrolytes, maintains the health of the organism, and discharges wastes (Cheng et al., 2010; Chase, 2018). Therefore, we speculate that sheep in group F3 may have stronger digestive absorption and immune ability. Carcass traits are important evaluation indexes for the meat production performance of livestock, some studies found that carcass traits were affected by genetic factors, sex, season, and age (Utrera and Van Vleck, 2004; Niu et al., 2021). Carcass chest circumference, carcass hip circumference, and leg bone circumference of sheep in the F3 group were significantly higher than those of the F1 and F2 groups, while carcass weight showed a significant trend. In summary, the Hu sheep in group F3 showed better production performance compared to the other groups.

Blood has multiple functions, such as the transport of gases, nutrients, hormones, anti-infective as well as coagulation roles, and hematological parameters have been correlated with immune function (Cohn, 2015). AST is an organ non-specific enzyme that regulates the metabolic activity of the body and is involved in gluconeogenesis in the liver and kidneys, glycerol de novo in the adipose tissue as well as in protein synthesis (Otto-Ślusarczyk et al., 2016). GLU also reflects the catabolic and anabolic capacity of the body to break down glucose and synthesize it. GLU is a major factor in the metabolism of glucose, and obesity is accompanied by insulin resistance. Metabolism and obesity are accompanied by insulin resistance, so obese animals tend to be accompanied by lower glucose catabolism (Ahmed et al., 2021). TBIL has multiple functions, signaling, regulating metabolism, antioxidants, etc., but more recent studies have found that TBIL has immunomodulatory properties and can inhibit inflammation (Jangi et al., 2013). In this study, AST was significantly higher in group F2 than in group F3, which indicated that sheep in group F2 had higher glycogen synthesis, fat degradation, and protein synthesis. GLU was significantly higher in groups F2 and F3 than in group F1, which indicated that group F2 might have higher glycogen anabolism and group F3 might have lower glucose catabolism. Erythrocytes are the most abundant blood cell type in the blood and function in gas transport and immunity (Wang et al., 2022). The mechanism of accelerated biological erythrocyte removal is immune-mediated (Mock et al., 2022), which may contribute to the lower erythrocyte content in the F3 and F4 groups.

The ecosystem composed of ruminant rumen, colonic and rectal microorganism determines the digestive and absorptive potential of ruminants and affects the productivity of the animal, so it is important to understand the composition and function of the microorganisms of the gastrointestinal tract. In this study, the Simpson’s index of the rumen of group F1 was significantly higher than that of group F3, indicating that the diversity of the rumen microbial community was significantly higher in group F3 than in group F1. The Chao1 index of the rumen of group F4 was significantly higher than that of group F1, indicating that the abundance of the rumen microbial community was significantly higher in group F4 than in group F1. The results of Beta diversity showed that the microbial composition of the rumen, colon, and rectum in different fecal score groups showed that the higher the fecal score level, the greater the difference in microbial composition among samples. The above results indicated that the microbial community composition in the rumen, colon, and rectum of Hu sheep from different fecal scoring groups was different, and the higher the fecal scoring grade, the more microbial diversity and richness increased, the results of the present study are similar to those of previous studies (Yang et al., 2019).

Bacteroidota, Firmicutes, Proteobacteria, Actinobacteria, and Spirochaetota are the dominant phyla of rumen microorganism, which agrees with the results of a previous study (Li et al., 2022). The primary function of Bacteroidota is to degrade non-fibrous substances, participate in energy metabolism, and correlate with the body’s obesity level (Ma et al., 2022). Calditrichota is able to reduce nitrate to nitrite (Youssef et al., 2019). Deinococcota is known for its ability to consume toxic substances (Battista et al., 1999). Myxococcota has been associated with fermentation, allochthonous nitrite reduction, and allochthonous sulfate reduction (Langwig et al., 2022). Desulfobacterota increased abundance related to intestinal inflammation, and it has been shown that this phylum is able to convert choline into trimethylamine, which is relevant to the health of the body (Ramireddy et al., 2021; Wang et al., 2022). Fusobacteriota is common in colorectal cancer and it is associated with an inflammatory response (Castellarin et al., 2012). Thus, different flora abundances have a role to play in the intestinal microecological environment, which results in sheep exhibiting different fecal scoring grades.

The core microorganism Desulfobacterota at the portal level is enriched in group F4, Desulfobacterota has also been detected in the human colon and is the dominant flora, and increased abundance of Desulfobacterota has been found to be associated with intestinal inflammation (Wang et al., 2022). Desulfovibrio is a sulfate-reducing anaerobic bacterium, and it has been Studies have reported that Desulfovibrio spp. are widespread in the gut and their increased abundance has been associated with colonic disease (Hagiya et al., 2018; Sayavedra et al., 2021). Previous studies have shown that Peptostreptococcaceae promote lesions in the gastric mucosa by modulating cellular inflammatory factors (Chen et al., 2019). In this study, we found that Cellvibrionales, Cellvibrio_sp__OA_2007 were significantly enriched in group F4, while Cellvibrionaceae, Cellvibrio were significantly enriched in group F1, and that this type of genera was negatively correlated with the growth performance, which may be the reason leading to the growth performance in group F3. This may be the reason for the best growth performance of F3 group. In summary in the colon Actinobacteria, Peptostreptococcaceae were the key flora influencing fecal scoring and immunity. Cellvibrionales flora, Caproiciproducens-s_uncultured_bacterium, and Caproiciproducens were the key flora influencing growth performance. Acidaminococcales, and Acidaminococcaceae were identified to carry antibiotic resistance genes, and their relative abundance in the feces of the healthy group was significantly higher than that of the diarrhea group, which is in agreement with our findings (Díaz-Regañón et al., 2023). Gammaproteobacteria include Enterobacteriales, Pseudomonas, etc., which are the hallmark flora of intestinal inflammation and diarrhea (Williams et al., 2010). Pseudoxanthomonas, a Gram-negative bacterium, is one of the markers of pancreatic tumors and its abundance affects blood physiological and biochemical indices (Riquelme et al., 2019). In this study, Pseudoxanthomonas was significantly correlated with blood physiological and biochemical indices in Hu sheep. Gammaproteobacteria was positively correlated with body weight, daily weight gain, carcass length, and negatively correlated with TP and EO. Along with the accompanying maturation of the microflora, fecal microorganism have a tremendous capacity for self-regulation, and some bacteria that regulate inflammation were enriched in the high fecal score group. In summary, Acidaminococcales flora, Gammaproteobacteria, and Proteobacteria are the key genera influencing fecal scores. Muribaculaceae, Oscillospiraceae-g__uncultured are key flora affecting growth performance and immunity.



Conclusion

In summary, based on large-scale fecal morphology observation and moisture content determination, the present study developed fecal grade scoring standards for fattening Hu sheep and found that the production performance with fecal scores between grades 3 and 4 were better than those of other grades. The composition of rumen, colon, and rectum microorganism were different in different fecal scoring groups, and the lower the fecal scoring grade, the more stable the microbial community structure. Differential microorganisms were closely related to the fecal score and growth performance of Hu sheep. The Actinobacteria, Peptostreptococcaceae, Acidaminococcales, Gammaproteobacteria, and Proteobacteria were closely related to fecal scoring grades, and the Cellvibrionales, Caproiciproducens-s_uncultured_bacterium, and Caproiciproducens were strongly associated with growth performance. Muribaculaceae, Oscillospiraceae-g__uncultured were strongly associated with growth performance and immunity.
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Diarrheal acquired immune deficiency syndrome (AIDS) seriously affects the quality of life of patients. In this study, we analyzed the differences in the intestinal microbiota among healthy individuals, AIDS patients without diarrhea and AIDS patients with diarrhea through high-throughput sequencing. The microbial diversity in the intestines of patients in the AIDS diarrhea group was significantly increased, and after treatment with Xielikang, the intestinal microbial diversity returned to the baseline level. At the phylum level, compared those in to the healthy (ZC) and AIDS non diarrhea (FN) groups, the relative abundances of Bacteroidetes and Verrucomirobia in the AIDS diarrhea (FA) group before treatment were significantly increased, while the relative abundance of Firmicutes was significantly decreased. Similarly, compared with those in the FA group, the relative abundances of Bacteroidea and Firmicutes in the AIDS diarrhea (FB) group after treatment were significantly increased, while the relative abundance of Firmicutes was significantly decreased after treatment. Additionally, there was no significant difference between the ZC and FN groups. At the genus level, compared with those in the ZC group, the relative abundance of Prevotella and Escherichia_Shigella in the FA group was significantly increased, while the relative abundances of Megamonas and Bifidobacterium was significantly decreased compared to that in the ZC group. After treatment with Xielikang, the relative abundance of Prevotella and Escherichia_Shigella in the FB group were significantly decreased, while the relative abundances of Megamonas and Bifidobacteria were significantly increased than those in the FA group; moreover, there was no significant difference between the ZC and FN groups. The functional prediction results showed that the ketodeoxyoctonate (Kdo) transfer to lipid IVA III and the superpathway of N-acetylglucosamine pathways in the AIDS diarrhea group were significantly altered. The correlation analysis results showed that Dorea was positively correlated with inflammatory factors, while Streptococcus and Lactobacillus were negatively correlated with inflammatory factors. The composition and function of the intestinal microbiota changed significantly in AIDS diarrhea patients, which affected the immune function of the host. The Xielikang capsule modulated the composition of the intestinal microbiota in AIDS diarrhea patients and thus improved immune function and reduced diarrheal symptoms.
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Introduction

Acquired immunodeficiency syndrome (AIDS) is caused by human immunodeficiency virus (HIV) infection and is characterized by immune system damage and opportunistic infection (Monaco et al., 2016; Nixon et al., 2017). Recent studies have shown that non-AIDS complications are related to the composition and proportion of organisms in the intestinal microbiota, and chronic abnormal immune activation caused by intestinal microbiota translocation (Bandera et al., 2018; Luján et al., 2019). The increase in the incidence and mortality of HIV-related diarrhea is due to changes in intestinal microbes, destruction of the intestinal mucosal barrier, damage to body and lymph tissue, and the loss of CD4+ T cells after HIV infection (Lima et al., 1997). Further research also revealed that if CD4+ Th17 helper cells are lost early in HIV infection, corresponding changes in the gut microbiota will inevitably occur. Therefore, translocation of the gut microbiota and the inhibition of the regulatory cell (Treg) response are closely related to impaired immune system function (Cunningham-Rundles et al., 2011). As the disease progresses, the gut microbiota in the body also changes. Some studies have shown that when the abundance of Clostridium in HIV-infected diarrhea patients decreases, the endocrine interleukin-17 (IL-17) concentration in CD4+ T-cell in the body also decreases, leading to disruption of the body’s immune system and deterioration of the body’s inflammatory state; this effect causes a sharp increase in Escherichia coli (E. coli) abundance in the body and increases the mortality of HIV-infected diarrhea patients (Chui and Owen, 1994; Dillon et al., 2016).

With increased understanding of the relationship between the intestinal microbiota and AIDS, a series of AIDS treatment measures using modern medicine and traditional Chinese medicine targeting the intestinal microbiota have shown efficacy (Wang and Zou, 2011; Liu et al., 2013). Modern medicines regulate AIDS mainly by supplementing with additional intestinal microorganisms and transplanting fecal bacteria to supplement the intestinal microbiota (Cunningham-Rundles et al., 2011; Geng et al., 2020). Supplementing probiotics is beneficial not only for increasing the number of CD4+ cells in patients, but also for promoting the recovery of Th17 cells (Blázquez-Bondia et al., 2022). The colonization of the body by probiotics can also help regulate the composition of the host gut microbiota, repair intestinal epithelial barrier damage, reduce intestinal permeability, and enhance intestinal immune function, thereby reducing patient inflammation and improving immune status and prognosis (Blázquez-Bondia et al., 2022). Fecal microbial transplantation (FMT) is a therapeutic method in which the functional community in the feces of healthy people is transferred to AIDS patients through colonoscopy to restore the intestinal microecological balance (Vujkovic-Cvijin et al., 2017). In addition, some researchers have begun to investigate the mechanisms of action of traditional Chinese medicines (TCMs) in the treatment of HIV-infected diarrhea patients (Cohen et al., 2000). TCMs can significantly reduce the amount of fiber and protein fermented in the gastrointestinal tract and utilize the Lactobacillus and fiber in the body to produce short-chain fatty acids (SCFAs) and amino acids (glutamine and arginine), thereby effectively improving the immune and metabolic function of HIV-infected patients with diarrhea (Qing et al., 2019). Moreover, traditional Chinese medicine can promote Treg activity, inhibit the production of proinflammatory immune factors, regulate inflammatory enteritis, prolong the survival of HIV-infected diarrhea patients, and thereby reduce the mortality rate of those patients (Chang et al., 2015).

The Xielikang capsule is a TCM used in the AIDS Treatment Project in Henan Province. This medicine was developed by Professor Li Fazhi based on his clinical experience; Xielikang is composed of ingredients such as garlic, nutmeg and gallnut, with garlic oil being the main medicinal component. Xielikang is extracted from garlic and the main component is allicin. Xielikang has the functions of relieving diarrhea with astringents, strengthening the spleen and kidney, and curing diarrhea and dysentery. A previous study revealed that Xielikang has a significant effect when used for the treatment of AIDS-related diarrhea, but the mechanism of its effect on AIDS-related diarrhea has not been determined (Zhang et al., 2017). Therefore, through a randomized, positive drug control test method, patients who passed the inclusion, exclusion and eliminate criteria (Supplementary material S1) were grouped, and 13 healthy volunteers, 18 AIDS patients without diarrhea and 18 AIDS patients with diarrhea were selected. High-throughput sequencing technology was used to investigate variations in the gut microbiota of healthy individuals (ZC, n = 13), AIDS patients without diarrhea (FN, n = 18), and AIDS patients with diarrhea before and after Xielikang treatment (FA, n = 18; FB, n = 18). Our objective was to identify the microbiota associated with AIDS-related diarrhea and examine the mechanism of Xielikang treatment of AIDS-related diarrhea.



Materials and methods


Case selection and grouping

In this study, we adopted a randomized, positive drug control test method. AIDS patients with diarrhea and spleen and kidney yang deficiency syndrome from the outpatient ward of the AIDS Clinical Research Center of the First Affiliated Hospital of Henan University of Traditional Chinese Medicine (the second ward of infectious diseases) and the AIDS Project of Traditional Chinese Medicine in Henan Province were selected. The study design included 18 AIDS patients with diarrhea, which were divided into the FA group (before treatment) and the FB group (after treatment). In addition, 18 AIDS patients without diarrhea (FN group) and 13 healthy volunteers (ZC group) were used as controls in this study. The clinical data of each group are shown in Table 1.



TABLE 1 Clinical data of each group.
[image: Table1]



Therapeutic administration methods

The treatment group was given the following medications: Xielikang capsules, produced by Henan Olinte Pharmaceutical Factory (batch number: 20110913; dosage form: capsules; specification: 0.5 g/capsule; usage: 1.5 g/time and 3 times per day, orally). The treatment course lasted 2 weeks. If the patient had a clear intestinal opportunistic infection, the necessary basic treatment was carried out according to the AIDS Common Opportunistic Infections Diagnosis and Treatment Guidelines (Trial) of Henan Province. If the patient had severe dehydration, electrolyte disorders, etc., the corresponding symptomatic treatment was given.



Sample collection

In the morning, venous blood from the elbow of the subjects was collected and placed in EDTA anticoagulant tubes, and some of the samples were subjected to routine testing (routine blood, liver function and kidney function tests). According to sample collection standards, morning feces were collected from subjects, and approximately 2 g of middle-stage feces was collected and stored in a fecal collection tube with the corresponding amount of fecal preservation solution. The experimental process was shown in Figure 1. The fecal collection tube was placed in liquid nitrogen and stored in a − 80°C freezer in a timely manner for subsequent testing and analysis.

[image: Figure 1]

FIGURE 1
 Experimental flowchart.




Cytokine detection

An ELISA kit (Meimian, Jiangsu, China) was used according to the manufacturer’s instructions to determine the levels of inflammatory factors, including IL-1β, IL-6, IL-23, and TNF-α, in the serum.



Fecal DNA extraction and database construction

A Qiagen fecal DNA extraction kit was used to extract DNA from each fecal sample, and the quality and concentration of DNA were determined via agarose gel electrophoresis and an ultramicro spectrophotometer NanoDrop2000, respectively. Qualified DNA was stored using Illumina’s TruSeq Nano DNA LT Library Kit.



NovaSeq high-throughput sequencing and bioinformatics analysis

For qualified libraries, a MiSeq Reagent Kit V3 (600 cycles) was used for PE250 sequencing on MiSeq devices. The highly variable V3-V4 region of the bacterial 16S rRNA gene with a length of approximately 468 bp was used for sequencing. The specific primers used were 383F (5′-barcode-ACTCCTACGGGGGGCAGCA-3′) and 806R (5’-GACTACHVGGGTWTCTAAT-3′), which were synthesized by Shanghai Personal Biotechnology Co., Ltd. The sequencing work was carried out by Shanghai Personal Biotechnology Co., Ltd. QIIME2 2019.4 was utilized, and this process was modified and improved according to the official tutorial to analyze microbial bioinformation.1 The original sequence data were decoded using the Demux plugin, primed using the Cutadapt plugin, and then processed using the DADA2 plugin for quality filtering, denoising, splicing, and chimerism removal.

(1) The alpha diversity indices were determined,2 including the observed species, Shannon, Simpson, Faith’s PD, and Pielou’s evenness indices. (2) Species composition was determined by analyzing the flattened ASV/OTU table, and the specific composition of microbial communities in each sample at each classification level was obtained. The QIIME2 analysis platform was used to draw a bar chart depicting the microbial communities at the phylum level. (3) Cluster analysis was performed using the uclust function of the stat package in R language; the unweighted pair-group method using arithmetic averages (UPGMA) algorithm (i.e., average clustering method) was used by default to perform non-metric multidimensional scaling (NMDS) analysis based on the Bray-Curtis distance matrix, and the differences in microbial community composition were displayed through a two-dimensional sorting graph. (4) The QIIME2 analysis platform was used to perform random forest analysis of the non-flattened ASV/OTU table by calling the “classify_samples_ncv” function in the q2 sample classifier.



PICRUST2 functional prediction analysis of intestinal microbiota

The phylogenetic investigation of communities by reconstruction of unobserved states (PICRUST2) analysis was performed. First, an evolutionary tree was constructed based on the 16S rRNA gene sequence of the known microbial genome. According to the copy number of the gene family corresponding to the reference sequence in the evolutionary tree, the copy number of the gene family was obtained. By combining the abundance of each sample’s characteristic sequence, the copy number of each sample’s gene family was calculated. Finally, the obtained data was compared and analyzed with databases to determine the abundance of proteins in each metabolic pathway.



Correlation analysis of different microbiota and cytokines

To analyze the correlation between microbiota and cytokines in the four groups (Pearson correlation), the OmicShare Tools3 online analysis software was used; specifically we analyzed the correlation between the top 10 genera and cytokines in the ZC, FN, FA, and FB groups.



Statistical analysis

This study used a randomized, positive drug controlled trial method, with the results expressed as the mean ± standard error (x ± s). Multiple group comparisons were conducted using one-way ANOVA, with p < 0.05 being considered significant and p < 0.01 being considered extremely significant. The statistical analysis software used in this study was IBM SPSS 24.0.




Results


Diarrhea and cytokines levels

After taking Xielikang for 2 weeks, the diarrhea score and TCM syndrome score of AIDS patients decreased significantly (p < 0.01; Figures 2A,B). The level of cytokines in the serum of AIDS patients with diarrhea before and after treatment was significantly higher than that of the healthy control group (p < 0.01), but significantly lower than that of AIDS patients without diarrhea (p < 0.01). However, there was no significant difference in the levels of inflammatory factors in patient feces before and after treatment with Xielikang (Figures 2C–F).
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FIGURE 2
 Diarrhea score and the levels of inflammatory factors in AIDS patients with diarrhea. (A) Diarrhea score. (B) Diarrhea traditional Chinese Medicine (TCM) syndrome score. (C–F) Inflammatory factor levels in the serum.




Intestinal microbiota diversity

The alpha diversity analysis revealed that the Chao1, Faith_pd, Shannon, Simpson, Pielou_e, and Observed_species indices of the FA group were significantly higher than those of the ZC and FN groups (p < 0.05 or p < 0.01). The Chao1, Faith_pd, Shannon, Pielou_e, and Observed_species indices of the FB group treated with the Xielikang capsules significantly decreased or exhibited a downward trend (p < 0.05 or p < 0.01; Figure 3A). The NMDS results revealed significant differences in the composition of the bacterial community among the four groups. The main manifestation of this difference was a small difference in the bacterial composition of the ZC, FN, and FB groups treated with the Xielikang capsules; meanwhile, there was a significant difference in the bacterial composition of the FA group compared to that of the other three groups (Figure 3B).

[image: Figure 3]

FIGURE 3
 Diversity of the intestinal microbiota. (A) Alpha diversity (Chao1, Faith_pd, Shannon, Simpson, Pielou_e and Observed_species indices). (B,C) Beta diversity (NMDS analysis and analysis of intergroup differences).




Intestinal microbiota composition

At the phylum level, compared with those in the ZC and FN groups, the relative abundances of Bacteroidetes and Verrucomicrobia in the FA group were significantly increased, while the relative abundance of Firmicutes was significantly decreased compared to that of the ZC and FN groups (p < 0.05 or p < 0.01). After treatment with Xielikang capsules, the relative abundances of Bacteroidetes and Firmicutes in the FB group were significantly increased (p < 0.05 or p < 0.01), while the relative abundance of Firmicutes was significantly decreased compared to that in the FA group (p < 0.05 or p < 0.01); moreover, there was no significant difference when comparing the ZC and FN groups (p > 0.05; Figure 4A). At the genus level, compared with those in the ZC and FN groups, the relative abundances of the Prevotella and Shigella genera in the FA group were significantly increased, while the relative abundances of Megamonas and Bifidobacteria were significantly decreased compared with those in the ZC and FN groups. After treatment with Xielikang capsules, the relative abundances of Prevotella and Shigella in the FB group was significantly decreased, while the relative abundances of Megamonas and Bifidobacteria was significantly increased compared to that in the FA group; moreover, there was no significant difference between the ZC and FN groups (Figures 4B,E). The results of random forest analysis showed that Actinomyces, Rothia and Catenibacterium might be marker species of the differences between groups (Figure 3C). The top 20 most important genera identified by random forest analysis were cross analyzed with the 20 genera with the highest relative abundances, and the nine common genera were Megamonas, Prevotella, Bifidobacterium, Blautia, Streptococcus, Dorea, [Ruminococcus], Lactobacillus and [Prevotella] (Figures 4C,D).
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FIGURE 4
 Species composition of the intestinal microbiota. (A) The species composition at the phylum level. (B) The species composition at the genus level. (C) Random forest analysis. (D) Interaction analysis of the top 20 important bacterial genera and the top 20 abundant bacterial genera. (E) Differences in the abundances of Megamonas, Prevotella and Bifidobacterium in the different groups.




Correlations between different intestinal microbiota and cytokine levels

Correlation analysis of the top 10 microbial populations (at the genus level) with inflammatory factors revealed that Blautia and Dorea were positively correlated with inflammatory factors (IL-1β and IL-6), while Bifidobacterium, Streptococcus and Lactobacillus were negatively correlated with inflammatory factors (IL-23 and IL-6). However, Prevotella, Megamonas, [Ruminococcus] and [Prevotella] were not correlated with these inflammatory factors (Figure 5).

[image: Figure 5]

FIGURE 5
 Interactive analysis of the intestinal microbiota and inflammatory factors.




Functional prediction of the intestinal microbiota

The results of PICRUST2 functional prediction showed significant differences in the metabolic pathways associated with the four microbial communities. Metabolic pathways associated with the intestinal microbiota of the FA group, such as the superpathway of subduction assessment and cycline biosynthesis, Kdo transfer to lipid IVA III, and pyridine deoxyribonucleoside salvage, were significantly upregulated, while the superpathway of hexitol degradation (bacteria), the superpathway of N-acetylglucosamine, and cross degradation III (cross inversion) were significantly decreased compared to those in the ZC and FN groups. After treatment with Xielikang capsules, the relative abundance of proteins in the metabolic pathways mediated by the FB microbiota was restored (Figure 6). Subsequently, a stratified metabolic pathway abundance table was used to analyze the composition of bacteria that play a role in Kdo transfer to lipid IVA III and the superpathway of N-acetylglucosamine metabolic pathways. In the Kdo transfer to lipid IVA III metabolic pathway, the FA group had a significantly increased relative abundance of Prevotella, while the FB group had a decreased relative abundance of Prevotella (Figure 7A). In the superpathway of N-acetylglucosamine metabolic pathways, the FA group had a significantly increased relative abundance of Megamonas, while the FB group had a decreased relative abundance of Megamonas (Figure 7B).
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FIGURE 6
 Differences in metabolic pathways mediated by the intestinal microbiota.
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FIGURE 7
 The composition of species involved in (A) Kdo transfer to lipid IVA III and (B) the superpathway of N-acetylglucosamine pathways.





Discussion

A previous study revealed that 80% of the HIV virus in AIDS patients resides in intestinal tissue, while the viral load in the blood accounts for 2–5% of the total viral load, thus indicating that the intestine is important for HIV infection (Epple and Zeitz, 2012). There are many microorganisms that inhabit the intestines, and under normal circumstances, the gut microbiota is interdependent with the host and external environment and they have a healthy coordinated and balanced relationship (Winston and Theriot, 2020). On the one hand, the host provides conditions for normal colonization of the intestinal microbiota and provides nutrients and an energy (Markowiak and Śliżewska, 2017). On the other hand, the gut microbiota participates in the host’s gastrointestinal digestion, assists in the synthesis and absorption of nutrients, and provides immune regulation, energy supply, information transmission, and defense against diseases (Chen et al., 2019). After HIV enters the human body, it destroys CD4+ T lymphocytes in the intestinal lymph tissue, damages the intestinal mucosal barrier, and increases the permeability of the intestinal mucosa, thus disrupting microenvironment stability within the intestinal microbiota and leading to changes in the diversity, quantity, location and structure of the intestinal microbiota (Tincati et al., 2016; Luján et al., 2019; Veazey, 2019; Sainz et al., 2020).

The results of this study showed that the intestinal microbiota of AIDS patients with diarrhea was different from that of AIDS patients without diarrhea and healthy people. Both AIDS and diarrhea symptoms have certain effects on the composition and structure of the intestinal microbiota in humans. The abundance of Prevotella and Bacteroides in the intestinal microbiota of AIDS patients with diarrhea was higher than that in the intestinal microbiota of AIDS patients without diarrhea and healthy individuals. An increase in the abundance of Prevotella increases the pH in the patients’ gut, leading to a more favorable gut environment for HIV infection and replication, and increasing the likelihood of colonization and the amplification of passing bacteria (Meng et al., 2023). Bacteroidetes are the dominant gut bacteria, and the ratio of Bacteroidetes to Firmicutes is closely related to the diversity of the gut microbiota. This ratio is commonly used to measure whether there is an imbalance in the gut microbiota, and an increase in Bacteroidetes abundance suggests that the occurrence of diarrhea in patients is related to an imbalance in the gut microbiota (Elizaldi et al., 2019). In addition, regardless of whether AIDS-positive patients had diarrhea symptoms, compared with those of healthy individuals, the abundance of Shigella, Proteobacteria and Enterobacteriaceae increased, and the content of Bifidobacteria and fecal bacteria decreased. Shigella species are pathogenic bacteria, and an increase in their abundance is the main driver of diarrhea in AIDS patients. Proteobacteria and Enterobacteriaceae are conditional pathogens that can also induce inflammatory responses in humans. An increase in the content of these proteins are related to damage to the intestinal mucosa caused by HIV infection, disorder of the intestinal environment, and the persistence of the inflammatory induced immune response (Crowell et al., 2016). Bifidobacterium is beneficial to the intestinal tract, while the butyrate produced by fecal bacteria has an anti-inflammatory effect and can regulate human intestinal immunity (Hidalgo-Cantabrana et al., 2017).

A comparative analysis of the intestinal microbiota of AIDS patients revealed that, compared with that of healthy individuals, the intestinal microbiota of AIDS patients had a reduced abundance of Clostridium spp. such as Enterococcus spp. and Faecaococcus spp., and the abundance of bacteria in the microbiota that produce butyrate and participate in tryptophan metabolism in the intestinal tract was reduced (Desai and Landay, 2018; Vujkovic-Cvijin and Somsouk, 2019); furthermore, the proportions of Prevotella and Enterobacteriaceae were increased (Amador-Lara et al., 2022). The bacteria with high abundance in AIDS patients were mostly pathogenic bacteria (Lewy et al., 2019). Dillon et al. reported that the colonic mucosa of HIV-1 infected individuals was enriched in Proteobacteria and Prevotella, the abundance of Helicobacter and Klebsiella significantly increased compared to that in healthy individuals, and the relative abundance of Firmicutes and Bacteroides decreased (Dillon et al., 2014). Pathogenic bacteria and endotoxins attack the intestinal mucosa, thereby increasing intestinal permeability, damaging the membrane barrier, stimulating the release of histamine, 5-HT, prostaglandin, tryptase and other active substances, and accelerating intestinal peristalsis (D'Angelo et al., 2017; Villanueva-Millán et al., 2019; Nganou-Makamdop et al., 2021).

The Xielikang capsule has astringent bowel and antidiarrheal effects, and invigorates the spleen and kidney, kills pathogens and prevents dysentery (Zhang et al., 2017). Previous studies have confirmed that this medicine has good clinical efficacy in AIDS patients with diarrhea, and treatment significantly reduces the clinical symptoms of patients, increases the level of intestinal SIgA, reduces the imbalance in the intestinal microbiota, and improves the quality of life of patients (Zhang et al., 2017). Diarrhea, which is a common complication of AIDS, is mostly caused by damage to the gastrointestinal mucosa and immune function, and diarrhea can also lead to weight loss and malnutrition. This condition has a serious impact on the quality of life of AIDS patients and is also one of the main causes of death (Castro and Chin-Beckford, 2015).

When the effect of the Xielikang capsule on the intestinal microbiota of patients with AIDS and diarrhea was evaluated, the results showed that there were no significant differences in the diversity, richness, evenness or composition of the intestinal microbiota before or after treatment with Xielikang (p > 0.05), but there were differences in the species composition. After treatment with Xielikang, the intestinal microbiota of patients was enriched in Firmicutes and Bacteroides. The relative abundances of Faecalibacterium and Roseburia increased. Normal proportions of Firmicutes and Bacteroides protect the intestinal mucosa and help maintain the intestinal microbiota balance and normal physiological functions to prevent and treat diarrhea (Grigor'eva, 2020).

The mucus is an important component of the intestine that helps to separate luminal bacteria from the host epithelium and form a barrier (Luis and Hansson, 2023). Symbiotic bacteria degrade and utilize mucins and O-glycans by encoding multiple proteins, which in turn affects the intestinal colonization of symbiotic bacteria. Normal interactions between symbiotic bacteria and the mucus layer are crucial for maintaining health (Birchenough et al., 2023). In this study, we found that the relative abundance of Prevotella in the intestine of AIDS patients with diarrhea was significantly higher than that in the intestine of AIDS patients without diarrhea. Prevotella has glycosylhydrolases that can degrade mucin (Glover et al., 2022). An excessive abundance of Prevotella exacerbates the consumption of mucus, which gives some pathogenic microorganisms such as Shigella the opportunity to directly contact intestinal epithelial cells, thereby damaging intestinal epithelial cells and leading to gastrointestinal symptoms such as diarrhea. However, in this study, we used Xielikang to treat AIDS patients with diarrhea and found that Xielikang capsule can significantly alleviate the clinical symptoms (diarrhea) of AIDS patients with diarrhea and adjust the intestinal microbiota (by restoring the relative abundance of Prevotella and Megamonas to the level of AIDS patients without diarrhea and even that of healthy people). These findings indicate that the function of Xielikang capsules may be to regulate the intestinal microbiota imbalance in AIDS patients (by reducing the consumption of mucus by Prevotella and restoring the barrier function of mucus), reestablish the intestinal microecology balance, and improve the immune function of the body, thereby enhancing the first line defense of the intestinal mucosa and improving and protecting intestinal function. In the long run, exercise can improve patients’ physical fitness, restore physical strength, and prolong their survival time. In addition, the results of PIGRUST2 functional prediction further indicated that treatment with Xielikang capsules significantly reduced Kdo transfer to lipid IVA III and increased the relative abundance of metabolic pathways, such as the superpathway of N-acetylglucosamine (to the level of the AIDS patients without diarrhea or even that of healthy group). Therefore, the efficacy of Xielikang in treating AIDS patients with diarrhea and improving the intestinal microbiota community structure are achieved by creating a microbial community similar to that of a normal gut, which balances the intestinal microecology and improves immunity.



Conclusion

In conclusion, the composition and function of the intestinal microbiota change significantly in AIDS diarrhea patients change significantly, which affects the immune function of the host. The Chinese medicine Xielikang can regulate the composition of the intestinal microbiota in AIDS patients with diarrhea and thus improve immune function and reduce diarrheal symptoms.
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Introduction: Gut microbes form complex networks that significantly influence host health and disease treatment. Interventions with the probiotic bacteria on the gut microbiota have been demonstrated to improve host well-being. As a representative of next-generation probiotics, Christensenella minuta (C. minuta) plays a critical role in regulating energy balance and metabolic homeostasis in human bodies, showing potential in treating metabolic disorders and reducing inflammation. However, interactions of C. minuta with the members of the networked gut microbiota have rarely been explored.

Methods: In this study, we investigated the impact of C. minuta on fecal microbiota via metagenomic sequencing, focusing on retrieving bacterial strains and coculture assays of C. minuta with associated microbial partners.

Results: Our results showed that C. minuta intervention significantly reduced the diversity of fecal microorganisms, but specifically enhanced some groups of bacteria, such as Lactobacillaceae. C. minuta selectively enriched bacterial pathways that compensated for its metabolic defects on vitamin B1, B12, serine, and glutamate synthesis. Meanwhile, C. minuta cross-feeds Faecalibacterium prausnitzii and other bacteria via the production of arginine, branched-chain amino acids, fumaric acids and short-chain fatty acids (SCFAs), such as acetic. Both metagenomic data analysis and culture experiments revealed that C. minuta negatively correlated with Klebsiella pneumoniae and 14 other bacterial taxa, while positively correlated with F. prausnitzii. Our results advance our comprehension of C. minuta’s in modulating the gut microbial network.

Conclusions: C. minuta disrupts the composition of the fecal microbiota. This disturbance is manifested through cross-feeding, nutritional competition, and supplementation of its own metabolic deficiencies, resulting in the specific enrichment or inhibition of the growth of certain bacteria. This study will shed light on the application of C. minuta as a probiotic for effective interventions on gut microbiomes and improvement of host health.
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 Christensenellaceae; intestinal microorganism; co-occurrence network; Faecalibacterium prausnitzii; Klebsiella pneumoniae; nutrient cross-feeding


1 Introduction

The gastrointestinal microbiomes (GMs), as a complex microbial community, are tightly associated with the host health and diseases (Lagier et al., 2018; Dominguez-Bello et al., 2019; de Vos et al., 2022). It is home to hundreds of bacterial species that interact and form networks influenced by diet, physiology, immune response, and probiotics (Hiseni et al., 2021). GMs share the gastrointestinal environment, interact with each other, and associate as a network. Bacterial interactions such as mutualism, commensalism, amensalism or competition (Faust and Raes, 2012) are modulated by food intake, host physiological, and immune systems (Weiss et al., 2023), as well as by probiotics intervention (Ma et al., 2020; Zhang et al., 2023). Due to their complexity (Tierney et al., 2019), it becomes challenging to unravel microbial communities’ dynamics and functions, particularly in terms of the unknown scope of bacterial interactions (Hibbing et al., 2010). Metagenomics is a breakthrough technology that allows comprehensive investigation of the genetic material of microbial communities, helping identify and understand distinct species, their functions, and dynamic changes within the communities upon the intricate interplay between environmental factors, interventions, and diseases (Bäckhed et al., 2015; Chu et al., 2021; Shin et al., 2021; Zhang et al., 2021; Ni et al., 2023). Although data-analytical tools such as co-occurrence networking (Mac Aogáin et al., 2021; Narayana et al., 2023) have been used to depict bacterial relations and interactions, the predictions need to be experimentally validated (Jiang et al., 2022). Such validation has been bottlenecked so far by the shortage of cultivated gut microbial resources and also by fastidious workloads (Chang et al., 2019; Liu C. et al., 2021; Abdugheni et al., 2022). The Christensenellaceae family is a bacterial family that has gained increasing attention due to its important role as gut commensal bacteria in human health (Pascal et al., 2017; Lee-Sarwar et al., 2019; Waters and Ley, 2019; Li et al., 2020; Pittayanon et al., 2020; Prochazkova et al., 2021; Tavella et al., 2021; Villanueva-Millan et al., 2022). Early studies revealed that Christensenellaceae was negatively related to body mass index (BMI) and highly heritable in the human guts (Goodrich et al., 2014; Fu et al., 2015; Ruaud et al., 2020; Mazier et al., 2021). Take Christensenella minuta as an example, previous results showed its potential as a probiotic to reduce body weight and inhibit inflammatory reactions (Goodrich et al., 2014; Yang et al., 2018;Mazier et al., 2021; Pan et al., 2022). Thus, C. minuta has significant potential for developing treatment of obesity, metabolic disorders, and inflammatory bowel disease (IBD), such as Crohn’s disease and ulcerative colitis (Kropp et al., 2021; Relizani et al., 2022). A mouse gavage experiment with a C. minuta strain from healthy human gut in some previous research, showed beneficial effects including reducing blood sugar and blood lipids in high-fat dieted mice (Mazier et al., 2021; Pan et al., 2022). In addition, C. minuta produced high levels of acetic acid and moderate levels of butyric acid (Ruaud et al., 2020; Kropp et al., 2021). It has been reported to influence gut microbial diversity and up-regulate the abundance of multiple gut commensal bacteria in previous research, especially for some beneficial bacteria such as Bifidobacterium spp. and Phascolarctobacterium spp. (Mazier et al., 2021; Pan et al., 2022). For instance, it co-occurred with Methanobrevibacter smithii and Oscillospira in multiple population investigations (Goodrich et al., 2014; Klimenko et al., 2018; Ruaud et al., 2020). Similar results were also found in animal experiments: providing C. minuta to germ-free mice transplanted with Christensenellaceae-deficient fecal microbiota from obese humans resulted in the increased abundance of Oscillospira (Goodrich et al., 2014). However, the mechanisms by which C. minuta interacts with other microorganisms remain unclear with few researches focused on cross-feeding via nutrient metabolisms. Ruaud et al. found that C. minuta enhanced the metabolism of M. smithii via H2 production, which subsequently shifted its fermentation toward acetate instead of butyrate (Ruaud et al., 2020). In addition, C. minuta has limitations in serine, cystine and vitamin B12 biosynthesis (Xiao et al., 2019), suggesting the resources of food nutrition or production by other gut microbes are essential for the growth of C. minuta. In addition, Faecalibacterium prausnitzii and C. minuta have been previously noted to have significant associations in terms of their relative abundances (Otten et al., 2021). However, the specific mechanisms by which C. minuta interacts with other microorganisms remain unclear.

In this study, we enriched the fecal microbiota with or without C. minuta and employed in vitro co-culture with metagenomic sequencing techniques to examine the dynamics of the microbial community in response to C. minuta intervention, and experimentally validated the interaction of C. minuta with predicted bacterial species. The results showed that intervention with C. minuta reduced the microbial diversity but selectively enriched the bacterial metabolic pathways that compensated for its metabolic defects. The positive and negative interactions of C. minuta with other bacteria were mainly governed from nutrient cross-feeding and competition, respectively. Our results provide clues to understand how C. minuta intervention would exert on the gut microbial network and further host health, thus, will shed light on the application of C. minuta as a probiotic for effective interventions on gut microbiomes and improvement of host health.



2 Materials and methods


2.1 Culturing and preparation of Christensenella minuta SJ-2

Christensenella minuta strain SJ-2 obtained from the human feces in our previous project was used in this study under an anaerobic environment (Liu C. et al., 2021). SJ-2 was recovered from −80°C in glycerol and cultured in modified liquid Gifu Anaerobic Medium (mmGAM) at 37°C (Liu C. et al., 2021). One and a half mL recovered SJ-2 liquid culture was subsequently inoculated in 100 mL mmGAM and cultured until the optical density (OD) 600 value was 1.0 ± 0.05. This SJ-2 suspension was used for fecal sample enrichment in CMe treatment.



2.2 Fecal bacterial enrichment and sample collection

Fecal samples were collected from the healthy volunteer who was confirmed to include no detectable amount of C. minuta by metagenomic sequencing. A 2 g fecal sample was suspended in sterile 0.01 M phosphate buffer solution (PBS) and passed through 70 μm cell sieves (BIOLOGIX, Irvine, United States) to eliminate large particles. Five mL filtrate was considered as “Feces” treatment, and utilized for bacterial isolation and sequencing. One and a half mL of the filtrate was inoculated into either 100 mL mmGAM (GAMe), or SJ-2 suspension prepared in section 2.1 (CMe) in an anaerobic culture bottle, and incubated at 37°C for 10 days. Five bottles were performed for each treatment as five biological replicates. After 10 days of incubation, 5 mL suspension was collected from each bottle and stored at −80°C until analysis.



2.3 Total DNA extraction, sequence processing and analysis

One mL of harvested liquid culture or fecal slurry was centrifuged at 13,200 × g for 5 min, and the pellets were resuspended in sterile 800 μL 0.01 M PBS. Total genomic DNA extraction was performed using the DNeasy PowerSoil Kit following the manufacturer’s instructions (Qiagen, Hilden, Germany). A total of 11 metagenomic libraries (including 1 Feace: fecal seed liquid library, 5 GAMe libraries and 5 CMe libraries) were sequenced by Novogene (Tianjin, China) using an Illumina sequencing platform with NovaSeq (PE150, Santa Clara, CA, United States). Each sample was prepared to obtain libraries with a mean insert size of approximately 350 bp. Raw reads were filtered using SOAPnuke v2.1.7 (Chen et al., 2018), and first aligned with the human genome [alignment with Homo sapiens (human)] (RefSeq GCF_000001405.39). The reads aligned to the human genome were removed via bowtie2 v2.3.5.1 (Langmead et al., 2009), and the remaining high-qualified reads in FASTQ format were used for further analysis according to default parameters.

Assembled sequences were combined using Metawrap v1.3.2 (Uritskiy et al., 2018) which also is the ensemble approach binning tool, and individually subsequent binning was achieved using MaxBin2 (Wu et al., 2016), MetaBAT2 (Kang et al., 2019), and CONCOCT (Alneberg et al., 2014) in Metawrap v1.3.2 (Uritskiy et al., 2018). By using MetaWRAP v1.3.2 bin_refinement module (−c 50 and −x 10) (Uritskiy et al., 2018) consolidated and optimized the bin sets obtained by each box splitting tool. Only metagenomic assembled genomes (MAGs) with medium to high quality (completeness ≥50% and contamination ≤10%) were retained for downstream analysis (Bowers et al., 2017). Computational work on the relative abundances of MAGs in different samples was implemented by coverM v0.6.11 with the option -min-read-percent-identity 0.9 and -min-read-aligned-percent 0.7 for which these stringent identity and alignment cutoffs were implemented to minimize spurious mappings that may artificially inflate the MAG abundances. The classification was carried out using the classified workflow of GTDB-Tk v1.5.1 (Chaumeil et al., 2022), and a phylogenetic tree based on the whole genomes was constructed using GTDB-Tk v1.5.1 (Chaumeil et al., 2022) with the genomes of Pseudomonas aeruginosa (p_Proteobacteria, GCF_000006765.1), which are almost absent in the human gut, used as the outgroup due to its distant taxonomic position.

EnrichM v0.6.42 was used to explore the metabolic potential for the MAGs based on Kyoto Encyclopedia of Genes and Genome (KEGG) Orthogroups (KOs) (Kanehisa and Goto, 2000). The non-redundant gene set was constructed using 91 MAGs with software CD-HIT v4.5.8 (Li and Godzik, 2006), resulting in a total of 205,034 non-redundant genes. Subsequently, EnrichM v0.6.4 was employed for annotation, and the differences in community functionality between groups were compared by analyzing gene coverage. The metabolic potential of MAGs was evaluated by annotating modules using EnrichM v0.6.4. MAGs are considered to have complete metabolic capabilities only when the integrity score of Modules is ≥70% (Botté et al., 2023).



2.4 Bacterial co-occurrence network analysis

The coverage and relative abundance of all MAGs in each sample were analyzed using coverM v0.6.1 (see footnote 1). Nine total samples were assessed for correlation relatedness as continuous change points using eLsa v1.0.2 (Xia et al., 2011) analysis tools. The computational correlation results were filtered according to Spearman’s correlation, and the co-occurrence network was visualized by Cytoscape v3.9.1 (Shannon et al., 2003).



2.5 Isolation and identification of gut bacterial species

One mL of fecal filtrate was serially diluted using 0.01 M PBS and 100 μL of the dilution within specified ranges was spread on 150 cm2 agar plates containing anoxic medium, which were then incubated at 37°C for 21 days. Sixteen different culture conditions were used (Supplementary Table S1). Single colonies appearing on the plates were picked, with 25–30 colonies selected from each plate on the 3rd, 10th, and 21st day, totalling 3 times, and re-streaked onto corresponding agar for purity. The identification of bacterial isolates was achieved via full-length 16S rRNA gene sequencing. Polymerase chain reaction amplicons of the 16S rRNA gene utilizing universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) were sent for Sanger sequencing by Sangon (Qingdao, China) and subsequently identified via EzBioCloud4 (Yoon et al., 2017) and NCBI (National Center for Biotechnology Information5) blast (Federhen, 2012). We used the Neighbor-Joining algorithm with 1,000 bootstrap replicates to construct the phylogenetic evolutionary tree. The multiple sequence alignment of the 16S rRNA gene sequences of 121 isolated strains and one distantly related type strain, Pseudomonas aeruginosa DSM 50071 (NR_026078.1) was performed via the ClustalW function in MEGA11 (Tamura et al., 2021).



2.6 In vitro interaction assays

The interactions between the bacterial isolates and SJ-2 were validated using plate confrontation and liquid-culture experiments, respectively, (de Vos et al., 2017; Liu P. et al., 2021). To perform the plate confrontation experiment, 2.5 μL of SJ-2 culture at logarithmic phase was vertically dripped onto a mmGAM agar plate, followed by adding 2.5 μL of another bacterium externally tangentially to the circular droplet. In the experimental setup, both SJ-2 and the target bacterium were subjected to an ecological niche preemption treatment, where each of them was given the opportunity to occupy the niche first (represented as the initial point). We carried out the experiment of dropping the potential interactive bacteria culture vertically first, then dropping SJ-2 at the edge, to verify the influence of one side occupying the ecological niche first on the other side, and the two groups of experiments obtained the same results. The plates were cultivated at 37°C for 2–3 days and photographed to record. Observation and documentation of colony morphology were performed under a stereomicroscope (Nikon corporation SMZ18, Tokyo, Japan) with an eyepiece magnification of 10× and a zoom setting of 0.75×. For the liquid-culture experiment, SJ-2 cultured in broth medium was centrifuged at 10,000 × g for 15 min after 2 days incubation. The supernatant was filtered using a 0.22 μm filter to remove SJ-2 cells. The conditioned media were prepared by mixing the supernatant with fresh mmGAM medium at equal volume. The tested bacteria were inoculated into the conditioned media at a ratio of 1%. Fresh mmGAM was used to incubate the tested bacteria as a control. The growth rate was determined by measuring the OD at 600 nm under the two conditions during 24 h after inoculation. Due to poor liquid culture conditions and low turbidity of bacterial strains, some bacteria were not subjected to liquid cultivation. Therefore, we performed centrifugal concentration of the bacterial suspension for solid agar-based confrontation experiments.



2.7 Mechanism exploration experiment

The physiological and biochemical features of the tested bacteria, including SJ-2 were profiled using ANI MicroPlates (BIOLOG, Hayward, United States) following the manufacturer’s instructions. A volume of 3 μL of fresh F. prausnitzii bacterial suspension was inoculated into each well of a 96-well plate (NEST, Tianjin, China) containing 150 μL of preheated culture medium. The plate was then incubated for 24–36 h at 37°C with >95% humidity in a growth curve analyzer (BMG LABTECH SPECTROstar Omega, BMG LABTECH, Ortenberg, Germany) under static incubation conditions and anaerobic environment. The OD 600 was measured approximately every 30 min using a plate reader. Prior to each measurement, the growth curve analyzer was shaken at 700 rpm for 5 min. The growth status of each well culture over time was determined by monitoring the increase in OD 600 (reducing the initial value at 0 h).

Calculation formula for generation time (h). [image: image]

Calculation formula for growth rate (/h). [image: image]



2.8 Statistical analysis

The alpha diversity was calculated using the Shannon diversity index, and its significance was assessed by the Mann–Whitney U test. Principal Coordinates Analysis (PCoA) was selected for the analysis of species composition diversity. The Bray-Curtis Index was chosen as the distance method, and PERMANOVA was selected as the statistical method. The intergroup differences in the relative abundance of MAGs, pathways and modules were analyzed for significance using the Linear discriminant analysis Effect Size (Lefse) test, with a significance threshold set at Linear Discriminant Analysis (LDA) ≥ 2.0. β Diversity was used to explore differences between pathway abundance in samples using Principal component analysis (PCA). The potentially interacted bacteria were selected based on the Spearman correlation coefficient between their abundance and the changes in SJ-2 abundance (correlation: SCC ≥ 0.6 or ≤ −0.6). In order to detect changes in the gut microbial ecosystem caused by SJ-2, we removed all the reads assigned as SJ-2 from the dataset and re-normalized them when analyzing community structure and function (Mazier et al., 2021). Mean and standard error of the mean (SEM) were used to analyze and visualize the data. All statistical analysis was performed using IBM® SPSS® Statistics 23, including tests for normal distribution and homogeneity of variance. Depending on the data distribution, T-tests, Mann–Whitney’s U test, or Kruskal-Wallis test was used to compare the differences and assess the impact of SJ-2 fermentation broth. The effects of substance addiction on F. prausnitzii growth curve were evaluated using repeated one-way ANOVA. To account for multiple testing, p-values were corrected using the Benjamini-Hochberg (BH) method (In all the significance tests for differences, p ≤ 0.05 is considered significant).

The drawing of stack and Venn diagrams is implemented by R v3.6.1, heat map, drawn by Lefse using imageGP (Chen et al., 2022). To modify the phylogenetic tree, iTOL v5 (Letunic and Bork, 2021) was used. Data processing and growth curve plotting were conducted using GraphPad Prism 9. The co-occurrence network was visualized using Cytoscape v3.9.1 (Shannon et al., 2003).




3 Results


3.1 Metagenomic sequencing and assembly of gut bacteria

Fecal microbiota was cultivated with mmGAM medium in the presence (labeled as CMe) and absence (labeled as GAMe) of C. minuta SJ-2. The metagenomes from CMe and GAMe, as well as the original seeding fecal samples (labeled as Feces) were extracted and sequenced. Among the total of 11 genomic libraries, 10 were successfully sequenced with one GAMe sample lost. After quality control and filtration, a total of 721,265,291 clean reads were obtained with averages of 72,009,006 (Feces), 77401004.25 ± 2818735.40 (GAMe), and 67930453.60 ± 1537712.60 (CMe) (Figure 1A, and for the details see Supplementary Table S2). A total of 91 Metagenome-Assembled Genomes (MAGs) were obtained (Supplementary Tables S3, S4), following the criterion of Bowers’ classification standard for intermediate to high quality genomes (Bowers et al., 2017). Of the 91 MAGs, 76 were detected in Feces sample, 76 in the GAMe and 65 in the CMe group (Figure 1B, Supplementary Table S3). 52 MAGs were shared in all three groups, while 8, 3, and 6 were specifically annotated in Feces, GAMe, and CMe groups, respectively (Figure 1B). In addition, the overlapped MAGs of paired groups were 67, 53, and 58 in Feces-GAMe, Feces-CMe, and CMe-GAMe, respectively. The CMe group exhibits a lower number of MAGs compared to the other two groups.
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FIGURE 1
 DNA sequencing data obtained in this study. (A) Experimental design for resource collections and numbers of metadata and isolates of each treatment. (B) Binning of metagenomic data and assembled MAGs from each sample.




3.2 Christensenella minuta intervention altered the biodiversity and functionality of fecal microbiomes

Both the alpha and beta diversity analyses showed that there was a notable difference between the enriched community and the fecal microbiota. It is not surprising that the growth in mmGAM resulted in changes in fecal microbial diversity, as demonstrated by a decrease in the Shannon index in both the enriched treatments. Additionally, the intervention of SJ-2 further differentiated the fecal microbiomes, with the alpha diversity of the CMe community being significantly lower than that of the GAMe (Supplementary Figure S1). At the family level, Lachnospiraceae was dominant in all 3 groups, while the relative abundance of other families showed apparent changes. The relative abundance of Veillonellaceae, Coriobacteriaceae, and Bifidobacteriaceae increased consistently in both GAMe and CMe groups, while Bacteroidaceae, Selenomonadaceae, and Rikenellaceae decreased in both groups. Meanwhile, Ruminococcaceae and Oscillospiraceae decreased in GAMe but significantly increased in CMe, while Streptococcaceae increased in GAMe but decreased in CMe. Additionally, Clostridiaceae, Atopobiaceae, Lactobacillaceae, Erysipelotrichaceae, and Eubacteriaceae were specifically enriched in the CMe group (Figure 2A). The LefSe results showed that 50 MAGs were specifically enriched in the GAMe samples, while 10 MAGs (excluding SJ-2) specifically represented a high-level redundancy in the CMe group (LDA ≥ 2). Among those MAGs with significant changes, Dialister pneumosintes and Clostridium sp. OF03-18AA were the most representative in the CMe, while Streptococcus pasteurianus, Anaerostipes hadrus and Phocaeicola vulgatus were the most abundant in the GAMe (Figure 2B).
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FIGURE 2
 Impacts of C. minuta SJ-2 on the species composition of the fecal microbiomes. (A) The top 20 abundant taxa at the family level (annotated for MAGs) in fecal, GAMe, and CMe samples. Sequences for Christensenellaceae were removed for this analysis. (B) The Linear discriminant analysis Effect size (LefSe) distribution of bacterial taxa between the GAMe group and CMe group. The annotated bacterial species names were shown beside the bin numbers.


The EnrichM software (Fan et al., 2023) was employed to predict the functional capacity of the fecal microbiota based on the metagenome data (Supplementary Table S5). To gain insights into the KEGG pathway features and differences in the three groups, we performed a functional distribution analysis the results were plotted (Figure 3). Despite the changes in the microbial diversity shown above (Supplementary Figure S1), the overall functionality at pathway level 2 of Feces, GAMe and CMe groups were apparently similar (Figure 3A, Supplementary Table S6). Substance transport, sugar and amino acid metabolism, cofactor and vitamin metabolism, drug resistance, as well as fatty acid synthesis and metabolism were highly enriched in all three groups showing their critical roles during gut microbial survival. These features might suggest that the fecal microbiota possessed functional robustness that enables it to accommodate perturbations in environments.
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FIGURE 3
 Impacts of C. minuta SJ-2 on the functionality of fecal microbiomes. (A) Relative abundance of L2 metabolic pathways in three groups. (B) Principle component analysis (PCA) score plot comparing the relative abundance of L3 metabolic pathways between GAMe and CMe. (C) The heatmap of relative abundance composed of the modules of amino acid metabolism with significant differences (Linear discriminant analysis, LDA ≥ 2) between the GAMe and CMe groups. (D) The heatmap of relative abundance composed of the modules of vitamin metabolism with significant differences (LDA ≥ 2) between the GAMe and CMe groups. (E) The heatmap of relative abundance composed of L3-level pathways with significant differences (LDA ≥ 2) between the GAMe and CMe groups. The color bars from red to blue indicated the relative abundance from high to low.


We further explored metabolic modules in the GAMe and CMe groups. A total of 515 metabolic modules were identified in the GAMe and CMe groups, among which 72 significantly enriched modules were contributed by SJ-2 (Supplementary Table S7). In order to identify the true impact of C. minuta on the fecal microbiome functionalities, the sequences of C. minuta were excluded for further analyses. Performing principal component analysis (PCA) revealed significant differences between the GAMe and CMe groups at the KEGG pathway level 3 (Figure 3B). In general, there were 120 and 101 modules enriched in the GAMe and CMe groups, respectively (Supplementary Table S8). Both the GAMe and CMe groups were abundant in high levels (relative abundances >0.04) of two-component systems, phosphate and amino acid transport systems, phosphotransferase system (PTS), central and other carbohydrate metabolism, ABC-2 type and other transport systems (Supplementary Table S9). The GAMe microbiota particularly enriched PTS and ABC-2 type and other transport systems (Figure 3E, Supplementary Table S9). In the CMe group, the abundances of glutamate, branched-chain amino acids and polar amino acid transport (M00233, M00227, M00223, M00236, M00237), aromatic amino acids (M00040, M00025), and polar amino acid synthesis (M00020) were increased, while polyamine metabolism (M00134, M00133) was enhanced (Figure 3C). Meanwhile, the synthesis of branched-chain amino acids, sulfur-containing amino acids and tryptophan (M00019, M00432, M00570, M00535; M00021, M00035; M00023) showed a significant decrease under SJ-2 intervention (Figure 3C). In the pathways of cofactor and vitamin metabolism, the VB12, VB1, and biotin synthesis modules in the fecal microbiota were significantly enriched under SJ-2 intervention (M00122, M00127, M00577) (Figure 3D). We also observed the enrichment of metabolic pathways such as coenzyme A (M00120), β-oxidation (M00086), and ketone body synthesis (M00088), which regulate the microbiota to a relatively favorable environment (Supplementary Table S10). It seemed that intervention with SJ-2 drove the fecal microbiomes toward the active synthesis of substances that would compensate for SJ-2 metabolic deficiencies such as the synthesis of serine, glutamic acid, tyrosine, biotin, VB12, VB1, thereby enhancing the efficiency of their synthesis in the community after the intervention. On the other hand, the complete metabolic pathways of SJ-2 promoted the enrichment of microorganisms using arginine, branched-chain amino acids, methionine and tryptophan as metabolic substrates, which were directly supplied through SJ-2 to improve material utilization efficiency (Supplementary Table S11).



3.3 Co-occurrence network predicts Christensenella minuta interacts with multiple bacterial species

Spearman’s correlation analysis coefficient was used to construct the microbial co-occurrence network of SJ-2 with related MAGs (Oh et al., 2020). The resulting microbial network consisted of 76 nodes (MAGs) and 1,081 edges (Figure 4, Supplementary Table S12). According to the microbial network, 52 nodes were directly associated with SJ-2, among which 11 and 41 MAGs showed positive and negative correlations with SJ-2, respectively (Figure 4, Supplementary Table S13). Among the 11 MAGs exhibiting a positive correlation with SJ-2, Eubacterium sp. AM28-29, D. pneumosintes and Tractidigestivibacter scatoligene were predicted to have the highest correlation with SJ-2 (SCC > 0.9), T. scatoligenes, Limosilactobacillus fermentum, F. praussnitzii and Roseburia inulinivorans were of great interest as potential probiotics in previous researches (Lopez-Siles et al., 2017; Sankaranarayanan et al., 2021; Hao et al., 2023; Ozen et al., 2023). As a comparison, several species of Bifidobacterium and Bacteroidetes exhibited negative associations with SJ-2 (Figure 4, Supplementary Table S13). Additionally, we noticed several conditionally pathogenic bacteria including Ruminococcus gnavus (Henke et al., 2019; Zhai et al., 2023), Bacteroides fragilis (Goldstein et al., 2017; Zamani et al., 2019), Finegoldia magna (Boyanova et al., 2016), Sutterella wadsworthensis (Kirk et al., 2021), Klebsiella pneumoniae (Lee et al., 2017), and S. pasteurianus (Wang et al., 2022), all showed exclusionary relationships with SJ-2, which highlight potential beneficial effects of SJ-2 from host aspects.
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FIGURE 4
 The co-occurrence network diagram with C. minuta SJ-2 intervention. The pink node labeled with bin.92 represented C. minuta SJ-2, while yellow, green, orange, and purple nodes represented Bacillota, Bacteroidetes, Actinobacteria, and Proteobacteria, respectively. The size of each node corresponded to the status of MAGs in the network, with larger nodes indicating more associations with other bacteria. The connecting lines between nodes were colored red for positive correlations and blue for negative correlations, with thicker lines reflecting stronger correlations. The right side of the network displayed bacteria indirectly associated with C. minuta SJ-2. The cluster at the bottom represented bacteria with no direct correlation with C. minuta SJ-2. The table displayed the correlation of bacteria in the co-occurrence network with C. minuta SJ-2: red, positive; blue, negative. All bacteria in the table were arranged in descending order of correlation intensity.




3.4 Isolation and identification of gut microbes

Totally 1,174 bacterial colonies were isolated from fecal samples using two distinct pretreatment methods and 16 different culture conditions, and further sequenced for their 16S rRNA gene targeting regions greater than 1.4 kb to facilitate their accurate identification. The comprehensive analysis resulted in the classification of 1,174 strains into 121 distinct species, with a stringent threshold of 16S rRNA gene similarity ≥98.7%, which covered 42.6% (29 species) of all the validly named MAGs. However, there were still 22 MAGs that were not explicitly classified into validly published bacterial species. Therefore, we cannot map any isolates to them according to MAG sequences (Figure 5, Supplementary Table S14). Other than the 22 unclassified MAGs, 39 MAGs were not successfully isolated, of which some even showed high abundance in the fecal samples, such as Megamonas funiformis, Roseburia faecis, and F. prausnitzii (relative abundance >3%). In addition, 91 isolated bacterial species were unmapped to qualified MAGs (used for analysis), which accounted for approximately 76% of the total isolates (Figures 5, 6).
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FIGURE 5
 The phylogenetic tree of medium to high quality MAGs was obtained from three different groups. A phylogenetic tree was constructed based on the genome sequences of 91 MAGs using GTDBtk. The tree was built using p_Proteobacteria (GCF_000006765.1) as an outgroup to determine the evolutionary relationships among the MAGs, the outer ring represents the isolation status of the corresponding MAGs at the species level. Cycles from inside to outside: (1) phylum-level assignments (Bacteroidota, orange; Thersmodesulfobacteria, yellow; Proteobacteria, green; Actinobacteriota, pink; Bacillota, blue; Outgroup, gray); (2) isolation/culture status of the 91 (cultivated in this study, purple; strains from previous studies, black; no representative culture, gray).


[image: Figure 6]

FIGURE 6
 Phylogenetic tree of bacteria isolated and cultured from intestinal samples. Based on the 16S rRNA gene sequences of 121 bacterial strains, a phylogenetic tree (NJ tree) was constructed using MEGA11 with Clustal W algorithm for multiple sequence alignment, using strain Pseudomonas aeruginosa DSM 50071 (NR_026078.1) as an outgroup. The Bar charts were the abundance of cultivated bacterial strains corresponding to MAGs in three treatments (red, Feces; green, GAMe; blue, CMe).




3.5 Validation of the predicted interactions between Christensenella minuta and other bacterial strains via pair-wise cocultures

In order to validate the predicted correlation in the microbial network between C. minuta and other gut bacterial taxonomies, we tested the interaction of SJ-2 with 16 strains from the bacterial collection of this study, and 7 strains from a previous study (Liu C. et al., 2021) using two methods: (1) pair-wise coculture on agar plates, and (2) sequential cultivation of targeted strain in broth that were conditioned with SJ-2. In the pair-wise coculture, Klebsiella pneumoniae, Phocaeicola vulgatus, Bacteroides caccae, Bifidobacterium bifidum, Bifidobacterium longum, Bacteroides uniformis, Bacteroides fragilis, Bacteroides stercoris, Eubacterium ventriosum, Ruminococcus gnavus, Clostridium innocuum were consistently observed to compete with SJ-2, which was consistent with the prediction in the network [Figure 7A (a–k)]. However, Parabacteroides distasonis, Finegoldia magna, Anaerostipes hadrus, Romboussia timonensis, Alistipes putredinis, Flavonifractor plautii, Sellimonas intestinalis, Paraacteroides merdae, Phocaeicola coprocola showed neutral interactions with SJ-2, which cannot correspond their predicted negative relationships in the co-occurrence network [Figure 7A (l–t)]. Meanwhile, among the predicted positive correlated bacteria, Limosillactobacillus fermentum did not exhibit significant growth enhancement when co-cultured with SJ-2; Dorea formigenes competed with SJ-2, which were not consistent with the prediction from the co-occurrence network. Only F. prausnitzii showed relatively increased growth in the presence of SJ-2 [Figure 7A (u–w)]. Among all tested strains paired with SJ-2, 12 strains showing consistent tendency with the results in the co-occurrence network prediction indicated the predicted accuracy was about 52.2%.
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FIGURE 7
 C. minuta SJ-2 interacts with other bacteria. (A) The pairwise co-cultivation on agar plates. (B) The growth of bacteria in mmGAM broth (red curves) and broth that was conditioned with C. minuta SJ-2 (blue curves). (a) Klebsiella pneumoniae; (b) Phocaeicola vulgatus; (c) Bacteroides caccae; (d) Bifidobacterium bifidum; (e) Bifidobacterium longum; (f) Bacteroides uniformis; (g) Bacteroides fragilis; (h) Bacteroides stercoris; (i) Eubacterium ventriosum; (j) Ruminococcus gnavus; (k) Clostridium innocuum; (l) Parabacteroides distasonis; (m) Finegoldia magna; (n) Anaerostipes hadrus; (o) Romboutsia timonensis; (p) Alistipes putredinis; (q) Flavonifractor plautii; (r) Sellimonas intestinalis; (s) Parabacteroides merdae; (t) Phocaeicola coprocola; (u) Limosilactobacillus fermentum; (v) Dorea formicigenerans; (w) Faecalibacterium prausnitzii (same number as in solid culture medium).


In comparison, the results of all the liquid culture tests were almost consistent with the relationship predicted in the network except for D. formigenes, including F. plautii, P. distasonis, F. magna, and P. coprocola, which showed neutral relationships in plates but negative correlations in the network (Figure 7B). SJ-2 affected the bacterial growth on either biomass or growth rate or even both. For example, B. fragilis and P. coprocola had prolonged log phases under SJ-2 intervened condition compared with control [Figure 7B (g, t)] while the maximum biomass production of K. pneumoniae, P. vulgatus, P. distasonis, and F. plautii was reduced [Figure 7B (a, b, i, q)]. In contrast, both the growth rates and the maximum biomass production of B. caccae, B. longum, B. uniformis, C. innocuum, and F. magna in the conditioned medium were impaired [Figure 7B (c, e, f, k)]. On the other hand, both the growth rate and maximum biomass of F. prausnitzii were significantly enhanced with SJ-2 intervention confirming their positive correlation in the network [Figure 7B (w)].



3.6 Nutrient competition and metabolic cross-feeding contributed in negative and positive interactions, respectively, between Christensenella minuta and partner bacterial strains

In order to explore the interaction mechanism between C. minuta and the other gut bacteria, we performed genome data mining for potential metabolic crossing-feeding and conducted carbon source assimilation tests. Nutrient source assimilation tests showed that there were multiple overlaps in the majority of carbon source utilization between SJ-2 and bacteria showing negative correlation with it in the network, such as B. caccae, B. uniformis, B. fragilis, B. stercoris, P. vulgatus, P. distasonis, B. longum, and B. bifidum resulting in competition between them (Figure 8A). In addition, SJ-2 had a narrower carbon source utilization range than most of the competitors. For example, among all tested 95 nutrient sources, SJ-2 can utilize 25, while B. caccae, B. fragilis, P. distasonis, B. bifidum, and B. longum can utilize over 75% of the substances employed by SJ-2, and at least 20 more that SJ-2 cannot use.
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FIGURE 8
 Description of the interaction mechanisms between C. minuta SJ-2 and other bacteria. (A) Assimilation of substrates. Dark green: highly utilized; light green: moderately utilized; no color: none utilized. (B) Substrate utilization experiment of F. prausnitzii to explore the mechanism of cross-feeding: (a) lysine; (b) tryptophan; (c) cysteine; (d) proline; (e) leucine; (f) isoleucine; (g) arginine; (h) methionine; (i) valine; (j) histidine; (k) sodium acetate; (l) fumaric acid.


To address the mechanisms of the growth enhancement of F. prausnitzii by SJ-2, we annotated the metabolic pathways of F. prausnitzii and SJ-2 for their genome sequences (Figure 9), and tested ten amino acids as well as fumaric and acetic acids that SJ-2 could apply for their effects on the growth of F. prausnitzii (Figure 8B). The results showed that lysine, proline, tryptophan, cysteine, sodium acetate, and fumaric acid significantly promoted the growth rate, while proline and sodium acetate even increased the biomass production of F. prausnitzii. We observed also that leucine, isoleucine, and arginine prolonged the generation time of F. prausnitzii, with the latter two potentially reducing its overall biomass (Table 1). In addition, high concentrations of methionine, valine, and histidine did not exhibit a significant effect on the growth of F. prausnitzii, highlighting their limited impact.
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FIGURE 9
 Demonstration of metabolic cross-feeding between C. minuta SJ-2 and F. prausnitzii.




TABLE 1 Statistical table for maximum growth (absorbance at 600 nm), generation time (h), and growth rate (/h) of F. prausnitzii in culture medium with different doses of additives.
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4 Discussion

The intestinal microbial community is a complex of beneficial, neutral and potentially pathogenic microorganisms. The intestinal microbial homeostasis was attributed from the interaction of all gut microbes as a network. Christensenella minuta as a potential probiotic increasingly gained attention for its beneficial effects in weight control as well as blood sugar remaining (Kropp et al., 2021; Mazier et al., 2021; Akbuğa-Schön et al., 2023). Based on the current research findings, the colonization of C. minuta has a significant impact on Oscillospira spp., Prevotellaceae, Lactobacillaceae, Erysipelotrichaceae, and Bifidobacteriaceae, which helps in correcting the intestinal microbial displacement caused by obesity (Goodrich et al., 2014; Mazier et al., 2021). However, its interaction with other gut bacteria was rarely explored. In this study, we investigated the interaction of a C. minuta strain SJ-2 with multiple gut bacteria via analyzing metagenomic data collected from in vitro enrichment culture of fecal microbiota, and validated the prediction through one-to-one culturing experiments. After enriched treatment, fecal samples gained noticeable changes in both microbial composition and structure, especially a decrease in biodiversity. The within-sample diversity reflected by alpha diversity was decreased attributing to multiple factors. In addition to the prior microbial disturbance caused by the medium (mmGAM) enrichment, the intervention with SJ-2 further reduced the microbial diversity, particularly for Bacteroidaceae, Selenomonadaceae, and Rikenellaceae. It was not surprising that the presence of SJ-2 consumed some nutrients partially responsible for a discernible decrease in microbial diversity, as evidenced by the high overlap observed between SJ-2 and competitive bacteria such as Bacteroides in the carbon metabolism and substrate utilization investigation. However, some bacterial groups specifically changed with the intervention of SJ-2, such as Lactobacillaceae, Oscillospiraceae, Ruminococcaceae, Atopobiaceae (increased), and Streptococcaceae (decreased), which revealed the specific effects of SJ-2 on fecal microbial community not only realized on the nutrient deficiency. The co-occurrence network analysis results also confirmed that SJ-2 occupied a critical central position that highly associated with most of the gut bacteria, which was consistent with previous studies (Goodrich et al., 2014; Mazier et al., 2021).

Forty MAGs were specifically reduced by SJ-2 in the co-occurrence network, including several opportunistic pathogens such as Finegoldia magna (Shetty et al., 2023), Klebsiella pneumoniae (Lee et al., 2017), Bacteroides fragilis (Goldstein et al., 2017), Bacteroides caccae (Wei et al., 2001; Guo et al., 2016), and Clostridium innocuum (Chia et al., 2017). This was confirmed by functional pathway analysis: the pathogenicity-related genes were reduced in CMe samples. Among all the bacteria that were confirmed to compete with SJ-2, only C. innocuum showed vulnerability in the competition. C. innocuum survives better in lipid-rich environments, and results in creeping fat which is a mysterious feature of Cron’s disease (Ha et al., 2020). These combined results reveal that C. minuta’s ability for lipid metabolism may contribute to inhibiting the growth of C. innocuum. Furthermore, this result highlights inhibiting the colonization and function of obesity and intestinal disease promoting microorganisms may be one contributor to C. minuta’s promotion of weight loss and prevention of intestinal diseases.

In addition, the abundance of the Streptococcaceae family exhibited a specific decrease, with Streptococcus pasteurianus showing the strongest negative correlation with SJ-2 in the co-occurrence network. S. pasteurianus is a potential pathogen for inflammatory diseases, which is known to be enriched in Crohn’s disease but reduced as SCFAs accumulated (Nagayama et al., 2020; Wang et al., 2020; Ma et al., 2023). Therefore, the negative correlation between SJ-2 and S. pasteurianus may be attributed to the efficient SCFAs production of C. minuta (Kropp et al., 2021). This finding offers a new perspective on the development of C. minuta as a probiotic agent for the regulation of inflammatory bowel diseases. Carbon utilization is overlapped between SJ-2 and various species in the genera Bacteroides and Bifidobacterium, such as Bacteroides uniformis, Bacteroides stercoris, Bifidobacterium longum, and Bifidobacterium bifidum, indicating their negative correlation in the network. Bacteroides spp. and Bifidobacterium spp. are the major commensal bacteria in human gut, most of which show beneficial effects for human health (Zafar and Saier, 2021; Derrien et al., 2022). Although it cannot be concluded that their negative correlation with C. minuta may be harmful to human health, the competition for carbon sources between C. minuta and Bacteroides spp. or Bifidobacterium spp. may result in C. minuta’s abundance at a low level in human gut. In fact, previous studies show that B. uniformis is negatively correlated with C. minuta (Upadhyaya et al., 2016), which is highly heritable, although accounts for a low proportion of the fecal microbiota (Waters and Ley, 2019; Mazier et al., 2021). Stable colonization has been a challenge for applying most probiotic products. According to the results of this study, a combination of probiotic bacteria such as C. minuta with one or several bacterial strains showing cross-feeding ability may be an option to enhance the colonization and subsequently improve probiotic functions in the human bodies.

Faecalibacterium prausnitzii, which is among the 11 enriched species in the CMe samples, is a potential next-generation probiotic for high butyrate production, anti-inflammation, and prevention of intestinal pathogens (Sokol et al., 2008; Bai et al., 2022). In this study, we demonstrated that SJ-2 cross-feeds F. prausnitzii via producing exogenous acetate, cysteine, proline, and lysine, which were required for the fermentation and reproduction of F. prausnitzii. This phenomenon is consistent with Otten et al’s results (Otten et al., 2021), which support the mechanism of the dependency effect of F. prausnitzii on exogenous acetic acid (Duncan et al., 2004).

The intervention of SJ-2 increased the abundance of many potential beneficial bacteria in the family Lactobacillaceae, Oscillospiraceae, Ruminococcaceae, and Atopobiaceae, such as Limosilactobacillus fermentum, F. prausnitzii, and Tractidigestivibacter scatoligenes which strongly revealed their role in host carbohydrate and lipid metabolism regulations. Lactobacillus spp. have been widely used to improve metabolic diseases, enhance gut immunity, and protect gut barrier integrity (Huang et al., 2022). Moreover, members in the Oscillospiraceae and Ruminococcaceae families produce high levels of SCFAs through carbohydrate fermentation, participating in mediating immune response and inducing regulatory T-cell formation (Rooks and Garrett, 2016). In addition, their negative correlation with body weight and inflammatory markers indicated their positive role in host metabolism regulation and anti-inflammatory function (Kim et al., 2020; Hu et al., 2021; Leth et al., 2023). Members of Atopobiaceae repress the colonization of drug-resistant bacteria in elderly individuals (Ducarmon et al., 2021; Morinaga et al., 2022). Fascinatingly, most of these bacteria contain bile salt hydrolase (BSH) enzymes (EC3.5.1.24) which are involved in antibacterial activity, lipid absorption regulation, and cholesterol reduction processes, akin to C. minuta (Lee et al., 2020; Morinaga et al., 2022; Yang and Wu, 2022; Lin et al., 2023). The positive association between C. minuta and those beneficial bacteria demonstrated that in addition to direct involvement in host metabolism, C. minuta can regulate host’s metabolic dysfunctions through collaboration with other beneficial commensal bacteria (Miquel et al., 2013; Leylabadlo et al., 2020; Wu et al., 2021).

Despite significant changes in the microbial diversity, the fundamental metabolic functions remained stable within the community, related to amino acids, carbohydrates, cofactors and vitamins metabolisms. The intervention of SJ-2 modified the mode of metabolisms of the fecal microbial community, enhancing the transport and synthesis of glutamate, branched-chain amino acid, and polar amino acids, including tyrosine and vitamins B12, and B1. Conversely, it reduced the synthesis pathways of glutathione, methionine, tryptophan, and branched-chain amino acids. Genomic sequence analysis led to the hypothesis that SJ-2 could promote nutritional synergy by cross-feeding with other enriched bacteria. Notably, among SJ-2-enhanced metabolites, biotin is negatively correlated with BMI and is involved in regulating carbohydrate and lipid metabolism, fatty acid synthesis, and amino acid decomposition (Peterson et al., 2020), while thiamin and ascorbic acid are involved in maintaining host immune metabolism, inhibiting oxidative stress-induced NF-κB activation and pro-inflammatory cytokine release, preserving epithelial cell integrity, and reducing host susceptibility (Yadav et al., 2010; Di Renzo et al., 2020). The enrichment of coenzyme A suggests an active β-oxidation process, leading to more ketone bodies and the conversion of acetyl coenzyme A (Canibe et al., 2003). These findings suggest a high level of lipolytic activity in the community, thereby indirectly reflecting the intervention capability (Basolo et al., 2022) and the development potential of C. minuta in lipid metabolism. Moreover, the decreased pathogenicity and dropped abundance of opportunistic pathogens, along with the regulation of other beneficial bacteria, are closely linked to the improvement in the overall health direction of the community. As a result, the microbiota may trend toward a more favorable state for human health.

In summary, we demonstrated the interaction and dynamics between C. minuta SJ-2 and various gut bacteria and tried to explore the metabolic interplay particularly in the cross-feeding between C. minuta SJ-2 and F. prausnitzii. SJ-2 facilitated F. prausnitzii’s growth by supplying essential amino acids (lysine, proline, tryptophan, cysteine), acetic acid, and fumaric acid, while reciprocally benefiting from the latter’s biosynthesis of nutrients critical for its proliferation (Figure 9). These results enhanced our understanding of C. minuta’s probiotic functions and informed strategies for its application. However, this study’s limitation to a single sample underscores the necessity for broader investigation involving diverse populations to generalize these interactions. Future work should encompass sampling multiple times throughout the cultivation period to map temporal changes in microbial interactions and explore the influence of varied culture media on these dynamics. In-depth studies at the genetic level will further our understanding of the specific molecular mechanisms underpinning the symbiotic relationships observed.
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Background: Traditional Chinese medicine (TCM) is widely used in humans and animals, which is very important for health. TCM affects the body ‘s immunity and changes in intestinal flora. This study was conducted to investigate the effects of dietary Hong-bailanshen (HBLS) supplementation in horses on serum biochemical profile, antioxidant enzymes and gut microbiota.

Methods: In this study, five horses were selected. On day 0, 14, 28, blood samples and feces were collected on days 0, 14, and 28 to analyse gut microbiota, serum biochemical and redox indexes.

Results: The results showed that the addition of HBLS to horse diets significantly decreased the level of alanine aminotransferase, alkaline phosphatase, creatine kinase and malondialdehyde (p < 0.05, p < 0.01) and significantly increased the activity of total antioxidant capacity, superoxide dismutase and catalase (p  < 0.05, p  < 0.01). Compared with day 14, the levels of alanine aminotransferase, alkaline phosphatase and creatine kinase were significantly decreased; however, the level of catalase was significantly increased in the horses continuously fed with HBLS for 28 days (p  < 0.05, p < 0.01). Alpha diversity analysis was performed that chao1 (p  < 0.05), observed_specicies, faith’pd and goods_coverage upregulated in the horses fed HBLS. A total of 24 differential genera were detected adding HBLS to diet increased the abundance of Bacillus, Lactobacillaceae, Leuconostocaceae, Christensenellaceae, Peptostreptococcaceae, Faecalibacterium, Erysipelotrichaceae, Pyramidobacter, Sphaerochaeta, WCHB1-25, Bacteria, Oscillospira, and Acetobacteraceae, while reduced Aerococcus, EtOH8, Syntrophomonas, Caulobacter, Bradyrhizobiaceae, W22, Succinivibrionaceae, and Desulfovibrio (p < 0.05, p < 0.01).

Conclusion: Adding HBLS to the diet could be a potentially effective strategy to improve horses’ health.
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 HBLS; horse; biochemical profile; antioxidant enzymes; gut microbiota


1 Introduction

Horses have played a vital role in human development and expansion of human settlements (Wutke et al., 2016). “The leisure equestrian performance, the athletics competition and the equestrian teaching and the experience” for the present sports horse industry is growing in China. Many scholars have researched the athletic ability and disease prevention of sports horses (Clayton, 2016; Arnold et al., 2020; Ursini et al., 2022). At the same time, they pay close attention to the welfare of sports horses and strictly control the use of antibiotics in sports horses (McLean and McGreevy, 2010). TCM plays a vital role in animal nutrition, disease prevention, and treatment with the characteristics of pollution-free, no residue, and green environmental protection (Gao and Tong, 2006). Therefore, TCM additives have become the focus of attention and research among equestrian industry experts.

Chinese herbs have been utilized in medicine for thousands of years in China (Lo and Shaw, 2019). In some Eastern European countries, herbal plants are trendy and can be obtained for free from nature without extra costs to feed producers (Vlaicu et al., 2022). Therefore, they can be considered one of the first functional food ingredients. Rhodiola rosea, Atractylodes, Gei Herba, and Codonopsis are commonly used traditional Chinese herbs with various health benefits (Hung et al., 2011; Ishaque et al., 2012; Gao et al., 2018; Zhu et al., 2018; Kashchenko et al., 2023). Numerous researchers have recognized their safety, and these herbs are widely used in animals (Zhao et al., 2006; Gupta et al., 2008; Ding et al., 2023). These herbs contain several active components that have been shown to benefit animals, such as flavone, polysaccharides, and polyphenols (Kosakowska et al., 2018; Luan et al., 2021; Zhou et al., 2022). Rhodiola rosea has been studied by many scholars for its anti-oxidation and improvement of intestinal flora (Zhou et al., 2014; Olennikov et al., 2020). Gei Herba can improve hematopoietic function (Zhao et al., 2020). Atractylodes and Codonopsis have the functions of protecting the liver, regulating immunity, and improving the gastrointestinal tract (Ming et al., 2017; Qu et al., 2022). An herbal blend made up of many different plants has several active components that could be more biologically effective than a single herbal extract (Yuan et al., 2022; Zheng et al., 2023).

Intestinal flora is an essential factor in maintaining the health condition of the host (Kakakhel et al., 2023a). Important functions such as absorbing nutrition, synthesizing short-chain fatty acids, and inhibiting the colonization of other pathogenic bacteria are performed by the intestinal flora in the hindgut of a horse (Arnold et al., 2021; Parker et al., 2024). Intestinal bacteria may belong to several functional groups; for example, Lactobacillus spp. can hydrolyze starch and produce lactic acid as well. These functional groups are vital to a horse’s plant-rich diet (Julliand et al., 1999; Harlow et al., 2016). Intestinal flora also plays an important role in the internal transformation of Chinese herbs (Li et al., 2021), and it has become a popular subject in life science research.

This study selected the Chinese herbal medicines Rhodiola rosea, Atractylodes, Gei Herba, and Codonopsis and formulated HBLS according to the theory of “replenishing qi and strengthening the spleen” of TCM. Equestrian horses in the racecourse were used as test animals to explore the response of serum biochemical profile, antioxidant enzymes, and microbial community to dietary HBLS in sports horses. The design of this study has been thoroughly informed by the principles of Chinese medicine theory and comprehensively assessed through a multifaceted array of indicators. The primary objective is to establish a scientific foundation for the application of Chinese medicine to enhance the overall health of sports horses.



2 Materials and methods


2.1 Preparation of HBLS

HBLS was composed of four Chinese herbs, including Rhodiola rosea (Rhodiola rosea L), Atractylodes (Atractylodes macrocephala Koidz.), Gei Herba (Geum aleppicum Jacq.), and Codonopsis (Codonopsis pilosula (Franch.) Nannf.), which were purchased from Beijing Tongrentang Medicine Company (Nanjing, China). The four kinds of TCM were stewed for 1 h. After the liquid had been filtered, the herb residue was reintroduced to the water and brought to a second boil before being blended with the first liquid and strained again. The liquid was then lyophilized, and auxiliary ingredients were added to create powder (1: 1 power to raw herb ratio).



2.2 Animal experiment design

Five well-trained and healthy horses, 10 ± 1 years old and 400 ± 15 kg, were selected from the Flying Marode International Equestrian Institute (Nanjing, China). They received the same diet, usually offered two times a day. In the morning, they each received 2 kg of commercial feed (Luxury horse complete formula feed, China) and 2 kg of alfalfa hay. In the evening, the horses were each fed 2 kg of commercial feed, 2 kg of alfalfa hay, and 100 g of HBLS. The HBLS was added for 28 days. Water was provided ad libitum.

Samples were taken on day 0, day 14, and day 28, respectively (Figure 1).

[image: Figure 1]

FIGURE 1
 Study design for the experiment.




2.3 Determination of serum biochemical profile and antioxidant enzymes

The blood samples of horses were centrifuged at 3500 rpm for 10 min, and the supernatant was divided into 1.5 mL Eppendorf tubes and stored at −20°C for future analysis.

The serum biochemical profile of horses was determined using an automatic biochemical analyzer (Alovet Li200, ALOVET Co., Ltd., China). Biochemical index-related kits were purchased from Alovet Co., Ltd., and the detection methods were strictly in accordance with the requirements of the kit. Parameters determined were aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), creatine kinase (CK), lactate dehydrogenase (LDH), gamma-glutamyl transferase (GGT), glucose (GLU), triglyceride (TG), total cholesterol (CHOL), total protein (TP), and albumin (ALB).

The oxidative stress was estimated in horses by detecting the malondialdehyde (MDA) level (S0131S, Beyotime, Shanghai, China), superoxide dismutase (SOD) (A001-3-2, Nanjing Jiancheng, Nanjing, China), catalase (CAT) (BC0205, Solarbio, Beijing, China) activities, and total antioxidant capacity (T-AOC) (BC1312, Solarbio, Beijing, China) following the protocol of the detection kits.



2.4 DNA extraction and sequencing

Microbial DNA was extracted from horse feces (N = 5) by adding HBLS on day 0, day 14, and day 28, respectively, using the rapid DNA fecal mini kit from Qiagen (Germany) according to the manufacturer’s instructions. DNA was quantified by NanoDrop (Thermo Scientific, United States), and the quality of DNA was detected by 1.2% agarose gel electrophoresis. The V3/V4 regions of the 16S rRNA gene of bacteria were amplified using primer pairs of 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) as reported in previous studies (Hu et al., 2016; Wang et al., 2019). Then, magnetic beads (Vazyme VAHTSTM DNA Clean Beads) with a volume of 0.8 times were added to 25 μL of PCR product for purification and quantified using the Microplate reader (BioTek, FLx800). Finally, according to the instructions, it was followed by sequencing via the Illumina MiSeq platform (Bioyi Biotechnology Co., Ltd., China).



2.5 Gut microbiota analysis

First, the original off-machine data of high-throughput sequencing were preliminarily screened according to the sequence quality, and sequence denoising or OTU clustering was performed according to the analysis process of Qiime2 DADA2 (Callahan et al., 2016) or Vsearch software (Rognes et al., 2016). The alpha diversity of the intestinal bacterial community, including Chao1, Simpson, Shannon, Pielou’s evenness, observed species, Faith’s PD, and Goods coverage, was analyzed using Qiime2. Then, at the ASV/OTU level, the distance matrix of each sample was calculated, and the difference and significance of beta diversity among different samples (groups) were measured by various unsupervised sorting and clustering methods combined with corresponding statistical test methods. Second, at the level of taxonomic composition, the differences in species abundance among different samples (groups) were further measured by various non-supervised and supervised sorting, clustering, and modeling methods combined with corresponding statistical test methods, attempting to find the signature species. According to the species distribution in each sample, the association network is constructed, the topological index is calculated, and the key species are tried to be identified. Finally, based on the results of 16S rRNA gene sequencing, the metabolic function of the samples can be predicted, the differential pathway can be found, and the species composition of the specific pathway can be obtained.



2.6 Statistical analysis

Statistical analyses were conducted with a one-way ANOVA followed by LSD’s multiple comparisons tests using SPSS version 26 software (SPSS 26, IBM, American) and GraphPad Prism 8 software (GraphPad Prism 8.4.2 software, Inc., San Diego, CA). Data are presented as mean ± standard deviation (SD). *p < 0.05 and **p < 0.01 were considered statistically significant.




3 Results


3.1 The effect of HBLS on serum biochemical profile

In horses’ serum, no noticeable difference was found in LDH levels on day 0, day 14, and day 28. Compared to day 0, the level of ALT, ALP, and CK of horses was significantly decreased (p < 0.05, p < 0.01); however, the level of GLU of horses fed with HBLS for 28 days was significantly increased (p < 0.05). Compared to day 14, the level of ALP and CK in horses fed with HBLS for 28 days was significantly decreased (p < 0.05, p < 0.01) (Figure 2).
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FIGURE 2
 Effect of HBLS on the serum biochemical profile.




3.2 The effect of HBLS on antioxidant enzymes

The antioxidant indices were determined according to T-AOC, SOD, CAT, and MDA kits. Significantly increased activities of T-AOC and SOD were observed on day 0 compared to day 14 (p<0.01). While on day 28, the activities of T-AOC, SOD, and CAT were significantly increased (p<0.01), and the activities of MDA were decreased (p<0.05) compared to day 0. A significant increase in CAT was also observed between days 14 and 28 (p<0.01) (Figure 3).
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FIGURE 3
 Effect of HBLS on antioxidant enzymes.




3.3 The structure and diversity of horses’ gut microbiota

The current study achieved over 92,000, 84,000, 80,000, 72,000, 65,000, and 64,000 input, filtered, denoised, merged, non-chimeric, and non-singleton data in different horse samples (Table 1). No noticeable difference was found in the sequencing data on day 0, day 14, and day 28 (Figure 4A). Most sequence lengths were approximately 430 bp (Figure 4B). Flat broken lines were present in all samples, reflecting the evenness and richness of the OTU composition (Figure 4C). Meanwhile, the multi-sample rarefaction of all samples showed sufficient species coverage (Figure 4E). The alpha diversity index values of Chao1, Simpson, Shannon, Pielou’s evenness, observed species, Faith’s PD, and Goods coverage are shown in Table 2. Alpha diversity analysis was conducted by examining the diversity indices, which revealed that on day 14, the values of chao1 (p < 0.05), observed_species (p < 0.05), Faith’s PD (p < 0.05), and goods_coverage (p < 0.05) indices in the horses fed HBLS were higher than those not fed HBLS (Figure 4D). Beta diversity analysis indicated that adding HBLS to the diet could change the intestinal colonies of horses (Figure 4F). UPGMA analysis found that the branch length without adding HBLS to the diet was relatively shorter than adding HBLS to the diet of horses (Figure 4G).



TABLE 1 Statistical analysis of sample sequencing data.
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FIGURE 4
 HBLS changed the structure and diversity of the gut microbiota of horses. (A) Sequencing data statistical analysis, (B) length distribution of sequencing data, (C) rank abundance curve (D) alpha diversity index analysis, (E) sample rarefaction curves, (F) beta diversity analysis, and (G) group difference analysis. Significance is presented as *p < 0.05, **p < 0.01. Data are presented as the mean ± SEM (n = 5).




TABLE 2 Statistical analysis of the alpha diversity index.
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3.4 The taxon composition of horses’ gut microbiota

The number of taxa contained in different levels of phylum, class, order, family, genus, and species is shown in Figure 5. At the phyla level, the dominant phyla of horses fed with HBLS for 0, 14, and 28 days were Firmicutes, Bacteroidetes, and Verrucomicrobia. At the class level, the dominant class of horses fed with HBLS for 0, 14, and 28 days were Clostridia, Bacteroidia, and Bacilli. At the order level, the main order of horses fed with HBLS for 0, 14, and 28 days was Clostridiales, Bacteroidales, and Lactobacillales. At the family level, the main family of horses fed with HBLS for 28 days was Streptococcaceae (23.06%), Bacteroidales (14.48%), and Lachnospiraceae (12.28%), while the horses fed with HBLS for 0 and 14 days were Streptococcaceae, Bacteroidales, and Ruminococcaceae. At the genus level, the main genera of horses fed with HBLS for 28 days were Streptococcus (23.02%), Bacteroidales (14.49%), and Lachnospiraceae (8.17%), while the horses fed with HBLS for 0–14 days were Streptococcus, Bacteroidales, and Ruminococcaceae.
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FIGURE 5
 Effect of dietary HBLS on the relative abundance of gut microbiota in different taxa levels.


The classification level tree diagram showed that the proportion of Prevotella, BF311, Arcanobacterium, Treponema, and Shigella was higher in horses fed without HBLS; the proportion of Oscillospira, RFN20, RF16, Paludibacter, BS11, and BF11. The classification levels tree diagram showed that the proportion of Prevotella, BF311, Arcanobacterium, Treponema, and Shigella in horses fed with HBLS for 14 days was relatively high; the proportion of Coprococcus, Tissierellaceae, Luteciae, YRC22, Prevotella, Treponema, and Succinogenes in horses fed with HBLS for 28 days was relatively high (Figure 6A). GraPhlAn evolutionary tree diagram showed that the abundance of Streptococcus, Treponema, Fibrobacter, Clostridiaceae Clostridium, Phascolarctobacterium, YRC22, Oscillospira, Paludibacter, Ruminococcaceae Ruminococcus, and Shigella depicted in various colors were found to be significantly different among different horse groups (Figure 6B). Krona species composition diagram indicated that the main genera were Bacteroidales (18%), Ruminococcaceae (11%), and RFP12 (10%) of horses fed without HBLS, Bacteroidales (18%), Ruminococcaceae (14%), and RFP12(12%) of horses fed with HBLS for 14 days, and Bacteroidales (19%), Ruminococcaceae (11%), and Lachnospiraceae (11%) of horses fed with HBLS for 28 days (Figure 6C).
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FIGURE 6
 Species composition analysis of gut microbiota of horses. (A) Classification levels tree diagram, (B) GraPhlAn evolutionary tree diagram, and (C) Krona species composition diagram.


In the study, we conducted Venn diagram analysis, created bar charts of ASV/OTU numbers in different regions of the Venn diagram, bar graphs of ASV/OTU abundance in different regions of the Venn diagram, and genera composition heatmap, and conducted PCA and OPLS-DA analysis. The results showed that a total of 3,398 (7.91%) shared ASVs were found among all different times of horses, 4,599 (10.77%) ASVs were shared on day 0 and day 14, 4,490 (10.45%) ASVs were shared on day 0 and day 28, 4,796 (11.16%) ASVs were shared on day 14 and day 28, 9,099 (21.17) ASVs were independent on day 0, 14,944 (34.77%) ASVs were independent on day 14, and 11,853 (27.57%) ASVs were independent on day 28 (Figure 7A). Then ASV/OTU abundance was explored in different regions of the Venn diagram. The results showed that at the phylum level, the intestinal flora of day 0, day 14, and day 28 shared Firmicutes, Bacteroidetes, Verrucomicrobia, Actinobacteria, Spirochaetes, Proteobacteria, Fibrobacteres, Tenericutes, and TM7. At the genus level, the intestinal flora of day 0, day 14, and day 28 shared Streptococcus, Clostridium, Treponema, Oscillospira, Ruminococcus, Prevotella, Bacteroides, RFN20, and Paludibacter (Figure 7D). PCA analysis showed that Shigella, Clostridium, Bacteroides, Arcanobacterium, and Streptococcus were the leading general. The distance between points of day 0 projected on the coordinate axis was farther than day 14 and day 28, which revealed a difference between day 0, and day 14 and day 28, respectively (Figure 7B). Additionally, the results of the OPLS-DA study matched those of the PCA analysis (Figure 7C). It is depicted in the heatmap that Helcococcus, Adlercreutzia, Weissella, Dialister, Blautia, and Eubacterium are shown in blue color in 0d rather than in 14d and 28d; Prevotella, Succinivibrio, Fusobacterium, Actinobacillus, Anaerococcus, Bacteroides, Pseudoramibacter, p-75-a5, Finegoldia, Shigella, Porphyromonas, CF231, Pseudobutyrivibrio, Desulfovibrio, Clostridium, Corynebacterium, Arcanobacterium, and Sarcina are shown in red color on day 0 rather than on days 14 and 28 (Figure 7E). Using LEfSe analysis, biomarker bacteria in horses were discovered, which were from the class Anaerolineae on day 0, family Ruminococcaceae, order Sphaerochaetales, genus Sphaerochaeta, family Sphaerochaetaceae, class RF3, and order MLJ-28 on day 14, genus Pyramidobacter, and family Micrococcaceae on day 28 (Figure 7F).

[image: Figure 7]

FIGURE 7
 Different species and marker species analysis in horses. (A) Venn diagram, (B) PCA, (C) OPLS-DA, (D) bar chart of ASV/OTU numbers in different regions of the Venn diagram, (E) genera composition heatmap, and (F) LEfSe analysis.


Random forest analysis was conducted with an accuracy ratio of 1.8, with overall accuracy and baseline accuracy of 0.6 and 0.33, respectively (Figure 8A). Important families among horses are shown in the results, including Christensenellaceae, Anaeroplasmataceae, Sphareochaetaceae, Synergistaceae, and Bacillaceae (Figure 8B); important genera among horses are shown in the results, including Sphareochaeta, Caulobacter, Desulfovibrio, Bacillus, and Sutterella (Figure 8C).
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FIGURE 8
 Random forests. (A) Model accuracy, (B) family, and (C) genus.


A metastats analysis was conducted at the genera level to explore further the impact of HBLS on the makeup of gut microbes; 24 genera were detected in horses. The abundance of Christensenellaceae (p < 0.05), Sphaerochaeta (p < 0.05), WCHB1-25 (p < 0.05), and Bacteria (p < 0.05) in 14d was significantly higher than in 0d, respectively. While Aerococcus (p < 0.05), Syntrophomonas (p < 0.05), Bradyrhizobiaceae (p < 0.05), Acetobacteraceae (p < 0.01), W22 (p < 0.05), and Succinivibrionaceae (p < 0.05) in 14d were lower on day 0, respectively. Between days 0 and 28, a significant increase was observed in the abundance of Bacillus (p < 0.05), Lactobacillaceae (p < 0.05), Leuconostocaceae (p < 0.05), Peptostreptococcaceae (p < 0.05), Faecalibacterium (p < 0.05), Erysipelotrichaceae (p < 0.05), and Pyramidobacter (p < 0.05). The abundance of Aerococcus (p < 0.05), EtOHS (p < 0.05), Syntrophomonas (p < 0.05), Caulobacter (p < 0.05), Bradyrhizobiaceae (p < 0.05), Acetobacteraceae (p < 0.05), and W22 (p < 0.05) has dropped significantly.

The abundance of Lactobacillaceae (p < 0.05) and Peptostreptococcaceae (p < 0.05) on day 14 was significantly lower than on day 28, respectively. Bacteria (p < 0.05), Oscillospira (p < 0.05), Anaerorhabdus (p < 0.05), L7A-EAA (p < 0.05), and Mollicutes (p < 0.05) in 14 were conspicuously higher than on day 28, respectively (Figure 9).
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FIGURE 9
 Comparing genera differences in horses’ microbiota. Significance is presented as ∗p < 0.05, ∗∗p < 0.01. All data were presented as mean ± SD (n = 5).




3.5 The function predicted of horses’ gut microbiota

According to the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, the main pathways were connected to metabolism, genetic information processing, and cellular processes. The metabolism pathway included carbohydrate metabolism, amino acid metabolism, and the metabolism of cofactors and vitamins. The genetic information processing pathway includes replication and repair, translation, folding, sorting, and degradation. Cellular processes pathway included cell growth and death cell motility, transport, and catabolism (Figure 10A). According to MetaCyc analysis, the main pathways were related to biosynthesis, generation of precursor metabolites and energy, and degradation/utilization/assimilation. The biosynthesis pathway included amino acid biosynthesis, nucleoside and nucleotide biosynthesis, cofactor, prosthetic group, electron carrier, and vitamin biosynthesis. The generation of precursor metabolites and energy included fermentation, glycolysis, and the TCA cycle. Degradation/utilization/assimilation included nucleoside and nucleotide degradation, carbohydrate degradation, and secondary metabolite degradation (Figure 10B). Pathways are associated with species, and the species composition of metabolic pathways included Streptococcus, Bacteroidales, and Ruminococcaceae (Figure 10C).
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FIGURE 10
 Potential function prediction analysis of horses’ microbiota. (A) KEGG, (B) MetaCyc, and (C) species composition of metabolic pathways.





4 Discussion

All the examined biochemical profiles and antioxidant enzymes during the experiment were within the range of the horses’ reference values (Stockham, 1995). Therefore, adding HBLS did not affect the health of the horses who were the subject of the study. Additionally, dietary HBLS had a favorable impact on a few of the parameters. Biochemical indices are critical indicators to reflect nutrition, metabolism, stress, and health status. AST, ALT, and ALP are important transaminases that reflect the health status of mitochondria and the cytoplasm of hepatocytes (Rej et al., 1990). CK and LDH are found in skeletal and cardiac muscle and are directly related to cellular energy transport, muscle contraction, and ATP regeneration (Robergs et al., 2004; Wallimann, 2015). In addition, glucose, lipids, and protein are essential nutrients for animals (Chen et al., 2019). Most of the glucose in the body is stored in the liver or muscle, and a small part of the glucose is transported to the tissues and organs with the blood for oxidation and decomposition, providing energy for life activities (TeSlaa et al., 2021). The content of TG and CHO in serum can reflect the development and deposition of adipose tissue (Sakakura et al., 2022). The contents of TP and ALB mainly reflect the body’s nutritional status and protein metabolism level (Suthama et al., 2020). In our experiment, dietary HBLS decreased serum ALT, ALP, and CK activity, and the lowest value was detected on day 28 (p < 0.05, p < 0.01) (Figure 2). This result is consistent with that of Melchart et al. (2017) and Zhai et al. (2021); it is proven that the Chinese herb compound HBLS has a protective effect on the liver and muscle. The study found that the increase in glucose after the addition of HBLS may be due to the Chinese herb compound being rich in sugars after decomposition into the blood for the body’s energy, so the amount of glucose in the blood will increase.

In recent years, traditional Chinese herbs have been found to have excellent antioxidant activity and have been shown to be effective in scavenging free radicals (Yang et al., 2009). Therefore, using herbs to suppress oxidative stress and reduce free radical damage has attracted widespread attention (Aydin et al., 2016). In the study, we found that supplementing HBLS with diet in horses increased serum T-AOC, SOD, and CAT activity and decreased the MDA level (Figure 3). T-AOC indicates the overall level of various antioxidant substances and antioxidant enzymes and reflects the body’s ability to compensate for external stimuli and the strength of the body’s free radical metabolism (Ahmad et al., 2012; Wang et al., 2017). SOD can catalyze superoxide into oxygen and hydrogen peroxide, thus eliminating the toxicity of the superoxide anion and protecting cells from oxidative damage (Holdom et al., 2000; Lei et al., 2016). CAT could decompose hydrogen peroxide in the body and block the formation of free radicals (Shi et al., 2023). MDA is one of the products of lipid peroxidation, exhibits cytotoxicity and genotoxicity, is an essential indicator of oxidative stress status, and indicates various diseases in the body (Catalan et al., 2010; Mohideen et al., 2023). These results of serum indicators suggested that HBLS could enhance the antioxidant ability of horses.

The microbes or microorganisms in various parts of the gastrointestinal tract are termed “gut microbiota” (Kakakhel et al., 2023b), which is a complex and stable dynamic community consisting of hundreds of aerobic, anaerobic, and alkaline anaerobic bacteria, including fungi, archaea, and bacteria (Frioux et al., 2023). The gut microbiota includes both beneficial and harmful bacteria, so it has a two-way effect on animals: the positive effect of normal flora on the growth and development of animals and their health; there are also pathogenic bacteria on the body caused by negative effects (Caballero-Flores et al., 2023). According to earlier research, traditional Chinese herbs may have impacted the richness and diversity of the gut microbiota (Li et al., 2019; Panyod et al., 2023). The results of alpha and beta diversity analysis revealed that the changes of the values of chao1, observed_species, Faith’PD and Goods coverage (Figure 4); taxa analysis at different levels (Figure 5), classification levels tree diagram, and GraPhlAn evolutionary tree diagram analysis (Figure 6) also pointed out the alteration of dominant bacteria. The above results indicate that supplement of HBLS in horses’ diet significantly improved the structure and diversity of intestinal flora, which may have positive effects on health and digestion.

Further analysis including Venn diagram, heatmap, PCA, OPLS-DA, LEfSe (Figure 7), and random forests (Figure 8) was conducted to reveal different species and their markers in the gut microbiota of horses receiving HBLS. A total of 24 genera were detected in the gut microbiota of horses (Figure 9). The addition of HBLS increased the abundance of Bacillus, Lactobacillaceae, Leuconostocaceae, Christensenellaceae, Peptostreptococcaceae, Faecalibacterium, Erysipelotrichaceae, Pyramidobacter, Sphaerochaeta, WCHB1-25, Bacteria, Oscillospira, and Acetobacteraceae, while reducing Aerococcus, EtOH8, Syntrophomonas, Caulobacter, Bradyrhizobiaceae, W22, Succinivibrionaceae, and Desulfovibrio. Although Bacillus are found mainly in the soil, they have also been isolated from the intestinal contents, showing that the bacterium has adapted its physiology to survive under diverse conditions (Hong et al., 2009). Bacillus is an aerobic bacterium that consumes considerable amount of oxygen during its growth. This environment is conducive to the growth of anaerobic bacteria such as Lactobacillus and Bifidobacterium and can inhibit the proliferation of aerobic Enterobacteriaceae; therefore, it can reduce the number of harmful microorganisms in the gut and increase the number of probiotics in the gut, thus reducing the incidence of digestive diseases (Arnaouteli et al., 2021). Lactobacillaceae and Leuconostocaceae belong to Lactobacillus, which propagate in the human and animal intestinal mucosa and are considered probiotics (Dunne et al., 1999; Ouwehand et al., 2002). Intestinal Lactobacillus can decompose sugar and produce acid, inhibiting the proliferation of pathogenic and spoilage bacteria. Fuglsang et al. prove that Lactobacillus fermentation has been shown to produce powerful bioactive peptides (Fuglsang et al., 2003). Wilk et al.’s results suggest that Lactobacillus strains can reduce intestinal inflammation (Wilck et al., 2017). Christensenellaceae and Faecalibacterium are ubiquitous among humans and other animals and are considered the hallmarks of a healthy gut (Mancabelli et al., 2017). It has been reported that gastrointestinal diseases can cause Christensenellaceae and Faecalibacterium to decrease (Sokol et al., 2009; Hollister et al., 2020). Adding HBLS to the diet could significantly increase the abundance of Christensenellaceae and Faecalibacterium in the intestine, which could better protect the intestine and reduce the incidence of intestinal diseases. Pyramidobacter genus is an essential member of the Synergistetes phylum, which can provide an opportunity for bacterial consortia to protect against the plant toxin fluoroacetic poisoning to protect the gut (Kang et al., 2020). The results of this study are consistent with those of Du et al.; by adding additives to the diet, we can increase the quantity of Sphaerochaeta and Oscillospira in the intestine to change the abundance of intestinal microflora, thus enhancing the absorption of nutrients in the intestine and improving the body’s resistance (Du et al., 2018; Yang et al., 2021). Additionally, we observed a significant decrease in the abundance of opportunistic pathogenic bacteria, including Aerococcus (Jo et al., 2021), Caulobacter (Tran et al., 2018), and Desulfovibrio (Goldstein et al., 2003).

Although our research has made pronounced progress on the effects of HBLS, there are still some limits to our understanding of HBLS’s long-term effects since the research period is only 28 days. In future research, prolonging the research period is needed to observe HBLS’s long-term effects. Furthermore, we focused on the quantity and diversity of intestinal flora, but the specific functions of flora still needed further investigation to offer a deeper insight into the mechanism of HBLS.



5 Conclusion

The integration of HBLS into horses’ diet exhibited notable improvements in antioxidant capacity, liver protection, and alterations in the quantity and diversity of intestinal flora. Our findings underscore the multi-channel, multi-target intervention of the Chinese herbal compound HBLS in horses, providing a robust foundation for future experimental designs. Specifically, the supplementation of HBLS resulted in a significant reduction in ALT, ALP, CK, and MDA levels, coupled with a marked increase in the activity of T-AOC, SOD, and CAT. Notably, continuous feeding of HBLS for 28 days led to further enhancements, particularly in T-AOC CAT levels. It also changed the quantity and diversity of the intestinal flora. This comprehensive evaluation emphasizes the holistic benefits of HBLS, supporting its potential as a valuable dietary supplement for enhancing equine health. More research is needed to investigate the long-term effects and mechanisms of HBLS in horses.
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Objective: The objective of this study is to investigate the causal relationship between gut microbiota and juvenile idiopathic arthritis, and to identify and quantify the potential role of plasma metabolites as mediators.

Methods: Using summary-level data from genome-wide association studies, a two-sample Mendelian randomization was conducted involving 131 gut microbiota genus, 1,400 plasma metabolites, and juvenile idiopathic arthritis. Additionally, a two-step approach was employed to quantify the proportion of the effect of gut microbiota on juvenile idiopathic arthritis mediated by plasma metabolites. Effect estimation primarily utilized Inverse Variance Weighting, with further validation using Bayesian weighted Mendelian randomization.

Results: In our MR analysis, a positive correlation was observed between Rikenellaceae and the risk of juvenile idiopathic arthritis, while Dorea showed a negative correlation with juvenile idiopathic arthritis risk. Mediation analysis indicated that Furaneol sulfate levels acted as a mediator between Dorea and juvenile idiopathic arthritis, with an indirect effect proportion of 19.94, 95% CI [8.86–31.03%].

Conclusion: Our study confirms a causal relationship between specific microbial genus and juvenile idiopathic arthritis, and computes the proportion of the effect mediated by plasma metabolites, offering novel insights for clinical interventions in juvenile idiopathic arthritis.
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1 Introduction

Juvenile Idiopathic Arthritis (JIA) is characterized by chronic arthritis, synovitis, and erosion of bone and cartilage. It is the most common rheumatic disease in young individuals, with an incidence ranging from 3.8 to 400 individuals per 100,000 (Costello et al., 2021). This condition not only damages the joints of affected children but often accompanies systemic involvement, such as macrophage activation syndrome (MAS), iridocyclitis, uveitis, and other multi-systemic manifestations (Arve-Butler et al., 2021). In untreated or severe cases, it can lead to deformities in hand joints or permanent eye damage, significantly impacting the physical and mental health of young individuals (Ravelli and Martini, 2007).

Over the course of evolutionary coexistence, the gut microbiota has formed a mutually dependent symbiotic relationship with the human body. The gut microbiota and its metabolic products play crucial roles in assisting digestion and absorption of food, synthesizing vitamins and energy, protecting the intestinal mucosal barrier, participating in essential metabolism, resisting invasion by pathogenic microbes, and regulating immune mechanisms (Brusca et al., 2014; Sathyabama et al., 2014). Alterations in the gut microbial community (dysbiosis) and decreased richness of the gut microbiota are emerging as relevant factors in the development of inflammatory and systemic autoimmune diseases (Lin et al., 2014; Collado et al., 2015; Rogers, 2015). Recent studies have indicated a potential connection between changes in the gut microbiota and JIA (Aggarwal et al., 2017; De Filippo et al., 2019; Öman et al., 2021; Chaudhary et al., 2023; Prinz et al., 2023; Shi et al., 2023).

In patients with enthesitis-related arthritis (ERA), an increase in the abundance of microbial genus such as Rikenellaceae and Dorea has been observed, while the abundance of Prevotellaceae is decreased (Aggarwal et al., 2017). Emmaline Prinz made a similar observation in mice, where an increase in Rikenellaceae altered the immune status of mice, making them more susceptible to arthritis (R = 0.43, p = 0.001) (Prinz et al., 2023). While animal models can provide valuable insights, they cannot substitute for clinical research. Currently, clinical studies on the relationship between gut microbiota and JIA are limited, and existing studies often suffer from small sample sizes. Observational studies are unable to eliminate confounding biases and reverse causation, and the pathophysiological mechanisms by which certain microbial genus operate can be partially compensated by dietary habits. Consequently, conflicting studies with opposing conclusions may arise. For instance, some studies suggest a decrease (Shi et al., 2023) or no difference (Öman et al., 2021) in Rikenellaceae and Dorea (De Filippo et al., 2019) in JIA, even though microbial differences may not impact the onset and progression of JIA (Chaudhary et al., 2023). Hence, a new approach is needed to clarify the causal relationship between gut microbiota and JIA.

The Mendelian Randomization (MR) study design is a robust tool in epidemiological research. Its core idea is to utilize genetic variations as instruments to assess the causal relationship between risk factors and specific diseases (Beeghly-Fadiel et al., 2020; Titova et al., 2020; Ahmed et al., 2021; Lu et al., 2021). Confounding factors are significant sources of interference in causal inference within epidemiological research. In MR studies, genetic variations follow the principles of mendelian inheritance, where alleles are randomly assigned to offspring, resembling the process of a randomized controlled trial (Davey Smith and Hemani, 2014; Davies et al., 2018). MR studies can effectively eliminate confounding factors and avoid reverse causation, which are challenges in observational studies (Hemani et al., 2018). Therefore, our aim is to employ MR to determine the causal relationship between gut microbiota and JIA, while also evaluating the extent to which plasma metabolites influence the association between gut microbiota and JIA.



2 Materials and methods


2.1 Study design

In this study, we conducted a two-sample MR analysis utilizing summary-level data from genome-wide association studies (GWAS) to assess the relationships between gut microbiota, plasma metabolites, and JIA. Sensitivity analyses were also performed to validate the robustness of the study results. MR relies on three fundamental assumptions: (Costello et al., 2021) the instrumental variable (IV) must exhibit a strong association with the exposure factor; (Arve-Butler et al., 2021) the IV should not be correlated with any confounding factors; (Ravelli and Martini, 2007) the IV can only influence the outcome variable through the exposure factor. These assumptions are integral to the effectiveness of Mendelian randomization and were rigorously tested in our study (Bandres-Ciga et al., 2020; Chen et al., 2020; Feng et al., 2020; Jones et al., 2020; Larsson et al., 2020; Saunders et al., 2020; Scheller Madrid et al., 2020; Zhu et al., 2020). This study is reported following the Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian Randomization guidelines (STROBE-MR, S1 Checklist).



2.2 Data source

The genetic variation data for gut microbiota were sourced from the largest meta-analysis of gut microbial composition genome-wide datasets conducted by the MiBioGen consortium to date (Kurilshikov et al., 2021). This study encompassed 18,340 individuals from 24 cohorts, predominantly of European ancestry (n = 13,266). Targeting the variable regions V4, V3-V4, and V1-V2 of the 16S rRNA gene, the analysis involved direct taxonomic classification to explore microbial composition. Microbial Quantitative Trait Loci (mbQTL) mapping analysis was performed to identify host genetic variations correlated with bacterial abundance levels in the gut microbiota. At the genus level, the lowest taxonomic classification in this study, 131 genera were identified, with an average abundance exceeding 1%, including 12 unknown genera. Consequently, 119 genus-level classification units were utilized in the current study for analysis (Li et al., 2022). The GWAS data for plasma metabolites and JIA were retrieved from the GWAS Catalog (GCST90199621-GCST90204603, GCST90010715), accessible at: http://ftp.Ebi.ac.uk/pub/databases/gwas/summary_statistics/. The plasma metabolite data comprised 1,091 blood metabolites and 309 metabolite ratios, involving 8,299 samples and approximately 150,000 SNP loci (Chen et al., 2023).



2.3 Instrument variables

To maximize the utility of instrumental variables (IVs), the following selection criteria were employed for the identification of potential IVs: (Costello et al., 2021) Single Nucleotide Polymorphisms (SNPs) within the locus showing significance below the threshold of p < 1.0 × 10−5 were chosen as potential IVs for each genus; (Arve-Butler et al., 2021) The 1,000 Genomes Project European sample data served as the reference panel for calculating Linkage Disequilibrium (LD) among SNPs. In regions where r2 < 0.001 (window size = 10,000 kb), only SNPs with the lowest p values and F > 10 were retained; (Ravelli and Martini, 2007) Allele frequency information was used to infer the forward strand allele when palindromic SNPs were present (Sanna et al., 2019; Li et al., 2022).




3 Mendelian randomization analysis


3.1 Primary analysis

We conducted a bidirectional two-sample MR to assess the causal relationship between gut microbiota and JIA. Various methods were employed to estimate MR effects, ensuring robustness. The Inverse Variance Weighting (IVW) method served as the primary approach, supplemented by Bayesian weighted Mendelian randomization (BWMR), MR-Egger, and Weighted Median methods, each tailored to different assumptions of instrument validity. The IVW method relies on the assumption that all SNPs are effective IVs, thus achieving accurate estimation results. On the other hand, BWMR considers the uncertainty caused by polygenicity leading to weak instrument effects and addresses violations of the IV assumption due to horizontal pleiotropy through Bayesian-weighted outlier detection (Zhao et al., 2020). MR-Egger assesses directional pleiotropy of IVs, with its intercept providing an estimate of the average pleiotropy of genetic variation. The Weighted Median method, compared to MR-Egger, exhibits higher precision and a smaller standard deviation.



3.2 Mediation mendelian randomization analysis

Furthermore, we employed a two-step MR design for mediation analysis (Yuan et al., 2022; Li Z. et al., 2024; Li F. et al., 2024) to investigate whether plasma metabolites mediate the pathway from gut microbiota to JIA. The overall effect can be decomposed into indirect effects and direct effects. The total impact of gut microbiota on JIA can be divided into (1) the direct impact of genus on JIA and (2) the indirect impact of genus on JIA mediated by plasma metabolites. We calculated the percentage of mediation effect by dividing the indirect effect by the total effect, simultaneously computing the 95% confidence interval.



3.3 Pleiotropy and heterogeneity analysis

Heterogeneity testing was performed using the MR Egger and IVW methods. Cochrane’s Q statistic was utilized to assess heterogeneity among genetic instruments, with p > 0.05 indicating no significant heterogeneity. The MR Egger regression equation was employed to evaluate horizontal pleiotropy of genetic instruments, with p > 0.05 suggesting the absence of horizontal pleiotropy. TwoSampleMR package in R software version 4.3.2 was utilized for allele harmonization and analysis. All statistical tests were two-sided, and statistical significance was considered at p < 0.05.




4 Results


4.1 The association between gut microbiota and JIA

In the MR analysis of gut microbiota and JIA, two genera were positively associated with the risk of JIA: Rikenellaceae (OR = 1.199, 95% CI [1.034–1.190], p = 0.015) and Ruminococcus (OR = 1.401, 95% CI [1.024–1.916], p = 0.034). Three genera showed a negative correlation with the risk of JIA: Eubacteriumrectale (OR = 0.722, 95% CI [0.530–0.983], p = 0.038), Catenibacterium (OR = 0.770, 95% CI [0.606–0.978], p = 0.032), and Dorea (OR = 0.669, 95% CI [0.489–0.915], p = 0.012). To validate these results, we used BWMR to calculate MR effects, confirming positive associations with the risk of JIA for Rikenellaceae (OR = 1.184, 95% CI [1.024–1.368], p = 0.022) and Ruminococcus (OR = 1.457, 95% CI [1.049–2.022], p = 0.024); and negative associations for Eubacteriumrectale (OR = 0.709, 95% CI [0.509–0.988], p = 0.042), Catenibacterium (OR = 0.757, 95% CI [0.586–0.976], p = 0.032), and Dorea (OR = 0.647, 95% CI [0.456–0.917], p = 0.014) reducing the risk of JIA.

Results from reverse MR analysis indicated that JIA can influence the abundance of Eubacteriumrectale (OR = 0.989, 95% CI [0.981–0.997], p = 0.011), Catenibacterium (OR = 0.976, 95% CI [0.955–0.998], p = 0.039), and Ruminococcus (OR = 1.014, 95% CI [1.005–1.023], p = 0.001). In BWMR, Eubacteriumrectale (OR = 0.989, 95% CI [0.980–0.997], p = 0.012), Catenibacterium (OR = 0.976, 95% CI [0.954–0.999], p = 0.041), Ruminococcus (OR = 1.015, 95% CI [1.006–1.024], p = 0.001), Rikenellaceae (p = 0.207), and Dorea (p = 0.136) demonstrated a unidirectional causal relationship. Thus, the genus with a unidirectional causal relationship were Rikenellaceae and Dorea.



4.2 The association between plasma metabolites and JIA

There are a total of 55 metabolites associated with changes in the risk of JIA (Supplementary Table 18). Metabolites that decrease the risk of JIA include Cysteine-glutathione disulfide levels (OR = 0.802, 95% CI [0.679–0.946], p = 0.009) and 2,6-dihydroxybenzoic acid levels (OR = 0.774, 95% CI [0.647–0.925], p = 0.005). Metabolites that increase the risk of JIA include 1-stearoyl-2-oleoyl levels (OR = 1.167, 95% CI [1.008–1.350], p = 0.038) and Furaneol sulfate levels (OR = 1.428, 95% CI [1.155–1.766], p = 0.001). To further validate these results, BWMR was used to calculate effect values for 1-stearoyl-2-oleoyl levels (OR = 1.173, 95% CI [1.003–1.372], p = 0.046), Cysteine-glutathione disulfide levels (OR = 0.798, 95% CI [0.671–0.950], p = 0.012), Furaneol sulfate levels (OR = 1.361, 95% CI [1.0.73–1.725], p = 0.011), and 2,6-dihydroxybenzoic acid levels (OR = 0.764, 95% CI [0.638–0.915], p = 0.003).



4.3 The association between gut microbiota and plasma metabolites

Rikenellaceae decreases 1-stearoyl-2-oleoyl levels (OR = 0.902, 95% CI [0.836–0.972], p = 0.006). Dorea reduces Furaneol sulfate levels (OR = 0.784, 95% CI [0.621–0.989], p = 0.040). To further validate these results, effect values were calculated using BWMR, indicating that Rikenellaceae decreases 1-stearoyl-2-oleoyl levels (OR = 0.895, 95% CI [0.830–0.967], p = 0.004), and Dorea reduces Furaneol sulfate levels (OR = 0.778, 95% CI [0.626–0.967], p = 0.002).

In the two-step mediation analysis, the indirect effect of Rikenellaceae on JIA through 1-stearoyl-2-oleoyl levels was opposite in direction to the total effect of Rikenellaceae on JIA. Therefore, 1-stearoyl-2-oleoyl levels cannot serve as a mediator for the relationship between Rikenellaceae and JIA. Conversely, Dorea’s indirect effect on JIA through Furaneol sulfate levels was in the same direction as the total effect of Dorea on JIA and demonstrated causality under both IVW and BWMR verification. Thus, Furaneol sulfate levels can be considered a mediator for the relationship between Dorea and JIA, with a mediation effect proportion of 19.94% (95% CI [8.86–31.03%]). The analytical workflow is depicted in Figure 1.
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FIGURE 1
 Study workflow. Panel (A): JIA as the outcome variable, with gut microbiota and plasma metabolites as exposures. Panel (B1): JIA as the exposure variable, with gut microbiota as the outcome variable. Panel (B2): Gut microbiota as the exposure variable, with plasma metabolites as the outcome variable. Panel (C): Preliminary mediation analysis obtained after MR screening as described above. Panel (D): Final mediation MR analysis obtained after thorough screening. JIA, Juvenile Idiopathic Arthritis; MR, Mendelian Randomization; SNPs, Single nucleotide polymorphisms; BWMR, Bayesian weighted Mendelian randomization; IVW, Inverse Variance Weighting.


To assess the stability of these results, Mr-Egger and Mr-PRESSO tests were conducted on the included SNP loci. Neither test revealed potential horizontal pleiotropy (p > 0.05), and the funnel plot did not indicate bias in the study. The corrected Cochran’s Q statistic showed no significant heterogeneity in the effects of the included SNPs (p > 0.90). Additionally, a leave-one-out sensitivity analysis was performed to evaluate the influence of each SNP locus on the overall causal relationship. When systematically removing individual SNPs and reanalyzing, the results showed no significant differences in the observed causal relationship, emphasizing that the estimated effects cannot be attributed to any single genetic tool. All MR Analysis results are shown in the Figure 2. The results of heterogeneity test and horizontal pleiotropy are in the Supplementary files. The relationship between exposure and outcome is presented in Figure 3 in the form of a scatter plot. The robustness of the results is assessed using the leave-one-out method, as depicted in Figure 4.
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FIGURE 2
 Forest plot to visualize the causal effects of plasma metabolites with gut microbiota and juvenile idiopathic arthritis.
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FIGURE 3
 Scatterplots, the horizontal axis represents the SNP effect on exposure, while the vertical axis illustrates the SNP effect on the outcome. (A) Represents the MR between Dorea and JIA. (B) Represents the MR between Rikenellaceae and JIA. (C) Represents the MR between Eubacteriumrectale and JIA. (D) Represents the MR between Catenibacterium and JIA. (E) Represents the MR between Ruminococcus and JIA. (F) Represents the MR between 1-stearoyl-2-oleoyl and JIA. (G) Represents the MR between Furaneol sulfate and JIA. (H) Represents the MR between Dorea and Furaneol sulfate. (I) Represents the MR between Rikenellaceae and 1-stearoyl-2-oleoyl. JIA, Juvenile Idiopathic Arthritis; MR, Mendelian Randomization; SNP, Single nucleotide polymorphism.
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FIGURE 4
 Forest plot to visualize the impact of removing a single SNP on the overall effect. (A) Represents the MR between Dorea and JIA. (B) Represents the MR between Rikenellaceae and JIA. (C) Represents the MR between Eubacteriumrectale and JIA. (D) Represents the MR between Catenibacterium and JIA. (E) Represents the MR between Ruminococcus and JIA. (F) Represents the MR between 1-stearoyl-2-oleoyl and JIA. (G) Represents the MR between Furaneol sulfate and JIA. (H) Represents the MR between Dorea and Furaneol sulfate. (I) Represents the MR between Rikenellaceae and 1-stearoyl-2-oleoyl. JIA, Juvenile Idiopathic Arthritis; MR, Mendelian Randomization; SNP, Single nucleotide polymorphism.





5 Discussion

In this large-scale MR analysis, we identified causal relationships between 5 genus and JIA, with Rikenellaceae and Dorea demonstrating unidirectional causality. Rikenellaceae showed a positive correlation with the risk of JIA. Mediation analysis indicated that Furaneol sulfate levels mediate the effect of Dorea on JIA by 19.94% (95% CI [8.86–31.03%]). This analysis underscores the connection between gut microbiota and JIA, emphasizing the mediating role of Furaneol sulfate levels (Figures 3, 4).

Gut microbiota regulates immune responses through two main mechanisms: direct recognition by immune cells and metabolite-mediated immune response modulation. Short-chain fatty acids (SCFAs) not only regulate immune responses in the gut but also impact systemic multi-system functions. SCFAs act as inhibitors of histone deacetylases (HDACs) and ligands for G protein-coupled receptors (GPCRs), serving as signaling molecules that influence the immune system. SCFAs (butyrate, propionate, and acetate) as HDAC inhibitors affect peripheral blood mononuclear cells, leading to the inactivation of NF-κB and reduced production of the pro-inflammatory cytokine TNF-α (Usami et al., 2008). Another study further demonstrated that butyrate can regulate the function of intestinal macrophages by inhibiting HDAC, downregulating the production of pro-inflammatory factors, including NO, IL-6, and IL-12 (Chang et al., 2014). Bacteria such as Faecalibacterium, Ruminococcaceae, Parabacteroides, Clostridiales vadin BB60 group, and Roseburia are known producers of butyrate (Louis and Flint, 2009; Louis and Flint, 2017). Parabacteroides and Clostridiales vadin BB60 group also produce other SCFAs such as acetate, propionate, and hexanoate (Che et al., 2019; Lei et al., 2021). Our results suggest that the protective effects of Eubacteriumrectale, Catenibacterium, and Dorea against JIA may be attributed to their role in SCFA production. Studies have indicated a close association between Dorea and autoimmune diseases (Wang et al., 2023), with involvement in regulating the body’s immune checkpoint inhibition response (Liu et al., 2023), suggesting a potential link between Dorea and JIA.

Observational studies generally suggest a close association between gut microbiota and autoimmune diseases. In a comparison of baseline samples from Italian patients and healthy controls, patients exhibited an increase in the abundance of Erysipelotrichaceae, Faecalibacterium prausnitzii, Fusobacterium, Enterococcus, and Ruminococcaceae, while Allobaculum, Gemellaceae, Propionibacterium acnes, and Turicibacter were less abundant compared to healthy controls (van Dijkhuizen et al., 2019). Although increasing evidence indicates the role of gut microbiota dysbiosis in JIA, this field is still in its early stages. To date, studies on the composition and changes in the gut microbiota of JIA children, compared to healthy subjects, have been descriptive, and the potential functions of the microbiota remain speculative, making it challenging to establish causal relationships between microbial changes and JIA (De Filippo et al., 2019). Recent research suggests that metabolic processes and metabolites can influence disease risk and provide therapeutic targets. Understanding the causal role of metabolites in disease etiology can offer actionable intervention points for treatment. One approach to assessing the role of metabolites in disease outcomes is through human genetics. Many metabolite levels have a high heritability, providing an opportunity for MR, a causal inference method that uses genetic variation as IVs to test the role of exposures in disease outcomes. As alleles are randomly assigned at conception, this randomization process often breaks the confounding with most risk factors, thereby reducing the tendency to confound results (Chen et al., 2023). Interestingly, research has found that dysbiosis of the gut microbiota can influence autoimmunity (Bellés et al., 2022) and the progression (Chung and Kasper, 2010; Stoll et al., 2014) of inflammatory diseases by altering metabolite levels and ratios (Chen et al., 2023). To our knowledge, there is currently no in-depth study on the relationship between plasma metabolites and JIA. Our study results suggest that Furaneol sulfate levels may bridge the causal relationship between gut microbiota and JIA, laying the groundwork for exploring the intersection of gut microbiota and JIA and potentially inspiring new strategies for JIA treatment.

It is noteworthy that research results on the differences in gut flora in JIA patients are inconsistent. In a study of Italian children, the gut microbial diversity in JIA patients was significantly reduced compared to healthy subjects, with an increased abundance of the Dorea genus in JIA patients (De Filippo et al., 2019). The microbial composition of JIA children did not show significant differences from their healthy siblings (Öman et al., 2021). Reasons for result heterogeneity include, firstly, studies may not have considered potential confounding factors such as gender, race, diet, delivery mode, and medication use (Xin et al., 2021). Overall, JIA is more common in girls than boys (ratio of 2: 1). Systemic juvenile idiopathic arthritis is believed to occur in both sexes, while enthesitis-related arthritis is more common in boys than girls (Thierry et al., 2014). Different regions and races have different dietary habits; a high-fiber diet increases the ratio of Bacillota/Bacteroidota in the gut, promoting SCFA production, while a low-fiber, high-protein diet increases pro-inflammatory cytokine levels like IL-2 and IL-6 (De Filippo et al., 2010, 2019). Secondly, bacterial classification may differ between studies, contributing to result heterogeneity.

In systemic juvenile idiopathic arthritis (sJIA) patients, elevated levels of IL-6 have been found in blood and synovial fluid, and they are associated with disease activity (De Benedetti et al., 1997). IL-6 antagonists have been shown to be a potential therapy for refractory inflammatory diseases, similar to traditional corticosteroids (Ataie-Kachoie et al., 2013). In mice, copper disrupts the ecological balance and diversity of the gut microbiota, increasing Enterobacteriaceae while reducing the abundance of Bacteroidaceae, Ruminococcaceae, and Lachnospiraceae. However, Bacillus subtilis reverses copper toxicity by increasing taurine and L-glutamate levels while decreasing phosphatidylcholine and phosphatidylethanolamine, moving toward alleviating metabolic disruption (Gao et al., 2023). Olive oil supplementation prevents type 1 diabetes in NOD mice by modulating the gut microbiota and serum metabolites (Wang et al., 2023). Therefore, we hypothesize that finding suitable drugs or targets to reduce Furaneol sulfate levels may slow down the progression of JIA.

We were the first to employ MR to investigate the causal relationships among gut microbiota, plasma metabolites, and JIA. We not only utilized various common sensitivity analyses but also mitigated the impacts of confounding factors and reverse causation. Our preliminary findings suggest a causal relationship between gut microbiota and JIA, as well as the intermediary factors. This provides further theoretical support for the treatment and prevention of JIA and introduces new approaches to its management. For instance, JIA could initially be controlled through the regulation of specific gut microbiota via diet, medications, or other means. Additionally, co-regulating plasma metabolite levels may lead to significant breakthroughs in JIA prevention and treatment.

However, our study has several limitations. Firstly, the analyzed population is predominantly of European descent, somewhat limiting the generalizability of the findings. Secondly, due to limited GWAS data, we did not explore each subtype of JIA individually. Thirdly, our results remain theoretical and have not been validated through clinical or animal experiments, leaving the specific mechanisms unclear. Further cellular and animal experiments are needed to elucidate these mechanisms. Subsequently, we will seek to confirm the reliability of the results at the population level through randomized clinical trials. Lastly, we observed that only 19.94% of the effect was mediated by plasma metabolite Furaneol sulfate levels, which is relatively low, necessitating more research to quantify other mediators.



6 Conclusion

Our mediation analysis using MR indicates a causal relationship among gut microbiota, plasma metabolites, and JIA. Specifically, the metabolic pathway involving Furaneol sulfate mediates the regulatory effect of Dorea on JIA. The genetic evidence provided by our study underscores the connections between gut microbiota, plasma metabolites, and JIA. This suggests that future interventions could focus on improving gut microbiota and co-regulating Furaneol sulfate levels through medications, thereby enhancing prevention and treatment strategies for JIA.
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Introduction: Adequate crude protein (CP) content in diets plays a crucial role in the intestinal health of the animal. This study investigated the impacts of CP content in diets on the intestinal microbiome and metabolome profiles in growing Huanjiang mini-pigs.

Methods: A total of 360 pigs with similar body weight (BW) were allocated for three independent feeding trials based on three different BW stages, including (i) 5–10 kg BW, diets consisting of 14, 16, 18, 20, and 22% CP content; (ii) 10–20 kg BW, diets consisting of 12, 14, 16, 18, and 20% CP content; and (iii) 20–30 kg BW, diets consisting of 10, 12, 14, 16, and 18% CP content. These experiments lasted 28, 28, and 26 days, respectively.

Results: The results showed that the Shannon and Simpson indices were decreased (p < 0.05) in the ileum of pigs in response to the 14–18% CP compared with the 20% CP content at 5–10 kg BW stage, while diets containing 12 and 14% CP had higher Chao1 (p < 0.05) and Shannon (p = 0.054) indices compared with 18% CP at 20–30 kg BW stage. Compared with the 20% CP, the diet containing 16% CP displayed an increasing trend (p = 0.089) of Firmicutes abundance but had decreased (p = 0.056) Actinobacteria abundance in the jejunum at 5–10 kg BW stage. In addition, a diet containing 16% CP had higher Lactobacillus abundance in the jejunum and ileum compared with the 18, 20, and 22% CP, while had lower Sphingomonas and Pelomonas abundances in the jejunum and Streptococcus abundance in the ileum compared with the diet containing 22% CP (p < 0.05). Diets containing lower CP content altered differential metabolites in the small intestine at the early stage, while higher CP content had less impact.

Conclusion: These findings suggest that a diet containing lower CP content (16% CP) may be an appropriate dietary CP content for 5–10 kg Huanjiang mini-pigs, as 16% CP content in diet has shown beneficial impacts on the intestinal microbiome and metabolome profiles at the early growth stage of pigs.

Keywords
 crude protein; Huanjiang mini-pig; microbiome; metabolome; small intestine


Introduction

The development of domestic pig breeding plays a crucial role in the establishment of the agricultural economy of a country. Dietary crude protein (CP) content is one of the most fundamental factors and plays an important role in maintaining the growth and development of pigs. However, high CP contents in diets lead to excessive intake of essential amino acids, and the fermentation of protein in the hindgut impairs intestinal health (Wang et al., 2018). Moreover, inadequate dietary CP content in diets largely affects the intestinal health of pigs. The epithelial morphology of the duodenum and jejunum is impaired with low dietary CP in pigs (Yu et al., 2019). However, reducing CP content in diets could reduce harmful protein fermentation, such as the reduction of ammonia concentration in the intestines of pigs (Pieper et al., 2012). Generally, the National Research Council (NRC) recommends requirements of dietary CP contents in diets for pigs during different growth stages; however, the recommended CP contents could be standardized depending on the geographically challenged conditions and pigs’ genotype (Lee et al., 2022). Therefore, it is necessary to evaluate the optimal dietary CP contents in diets for domestic pig breeds to minimize production costs and establish a better agricultural economy for the pig industry.

The small intestine is mainly associated with the absorption and digestion of proteins and contains undigested or incompletely digested foods, especially proteins and carbohydrates (Portune et al., 2016). The intestinal microbes are associated with food digestion, and various metabolites produced during the digestion processes can be transmitted through intestinal mucosa to affect the host’s body condition (Blachier et al., 2017). Therefore, the proportion of beneficial and pathogenic bacteria and various metabolites produced by intestinal microbes are crucial for maintaining the health of animals, especially during the growing phase. The colonization of host intestinal microbes mostly occurs in piglets at an early age, while the composition of the intestinal microbes of adult pigs is generally stable (Matamoros et al., 2013). Thus, exploring the microbiome and metabolome profiles of pigs during the growing phase is of great significance.

Previous studies have revealed the impacts of high or low CP contents in diets on intestinal microbes at different phases of pigs (Pieper et al., 2012; Yu et al., 2019). Our previous studies systematically evaluated the optimal dietary CP contents in diets for Huanjiang mini-pigs to improve the growth performance at different growth phases (Zhao et al., 2021). The findings indicated that higher CP content in diets could increase the intestinal inflammatory status of growing pigs by activating the TLR-MyD88-NF-κB signaling pathway (Liu et al., 2022). Moreover, lower or higher CP contents in diets had potential native effects on the antioxidant capacity of growing Huanjiang mini-pigs (Liu et al., 2023). However, the impacts of different CP contents in diets on the intestinal microbiome and metabolome profiles of Huanjiang mini-pigs have not been reported yet, and it still remains unknown how dietary CP contents influence the intestinal microbiome and metabolome profiles of pigs during different growth stages. Thus, this study was carried out to the hypothesis that an appropriate CP content in the diet could optimize the microbiome and metabolome composition of Huanjiang mini-pigs based on their growth stages.



Materials and methods


Animals, management, and diets

The animal trials were performed at the Huanjiang Observation and Research Station for Karst Ecosystems, Huanjiang, China. Huanjiang mini-pigs (360; half male and half female) with similar body weight (BW) and health status were selected and divided into three corresponding groups for 28-, 28-, and 26-day trials. These three trials were categorized as the 5–10 kg, 10–20 kg, and 20–30 kg BW stages groups after acclimation for 5 days. The 5–10 kg BW stage (Exp. 1) consisted of 220 pigs (28 days of age) with an average BW of 5.32 ± 0.46 kg and were randomly allocated into five CP (14, 16, 18, 20, and 22%) content groups. In the 5–10 kg BW stage, each CP content group consisted of 8–10 pens (2.0 m × 3.0 m) with five pigs in each pen. The 10–20 kg growth stage (Exp. 2) consisted of 84 pigs (60 days of age) with an average BW of 11.27 ± 1.43 kg and were randomly allocated into five CP (12, 14, 16, 18, and 20%) content groups. In the 10–20 kg BW stage, each CP content group consisted of 15–19 pens (1.5 m × 0.6 m), with one pig per pen. The 20–30 kg growth stage (Exp. 3) consisted of 56 pigs (94 days of age) with an average BW of 18.80 ± 2.21 kg and were randomly allocated into five CP (10, 12, 14, 16, and 18%) content groups. In the 20–30 kg BW stage, each CP content group consisted of 11–12 pens (1.5 m × 0.6 m), with one pig per pen.

The experimental pigs received three times (08:00, 14:00, and 20:30) meals per day and had access to feed and water ad libitum at all times. All experimental pigs were housed in a well-ventilated piggery with controlled humidity (60 ± 5%) and at 23–25°C temperature. Supplementing CP content in diets met the NRC recommended requirements (National Research Council, 2012) and the Chinese nutrient requirements (Ministry of Agriculture of the People’s Republic of China, 2004) (Supplementary Tables S1–S3). Diet premixes for individual ingredients were formulated using the recommended values by the National Research Council (2012). All pigs were in good health condition, and had no gastrointestinal diseases or any antibiotic exposure prior to the experimental trial.



Sample collection

Based on the average BW of each experimental pen, one pig from each pen (each CP group had eight pens; total eight pigs) was selected for the 5–10 kg BW stage; and based on the average BW of each CP content group, eight pigs from each group for the 10–20 kg and 20–30 kg BW stages were selected (12 h fasting) for sampling after euthanization by electrical stunning (120 V, 200 Hz; Electric Pig Stunner; Qingdao Jianhua Food Machinery Manufacturing Co. Ltd., Qingdao, China) and exsanguination. Approximately 2 cm of the jejunum (10 cm below the flexure of the duodenum-jejunum) and ileum (10 cm above the ileo-cecal junction) contents were sampled into 1.5 mL sterilized frozen tubes, immediately frozen in liquid nitrogen, and finally preserved at −80°C for bacterial DNA isolation and metabolome analysis.



Bacterial DNA extraction

The total bacterial genomic DNA from all intestinal samples (jejunum and ileum) was extracted with OMEGA Soil DNA Kit (M5635-02; Omega Bio-Tek, Norcross, GA, United States) following the manufacturer’s instructions and stored at −20°C prior to further analysis. The quantity and quality of the extracted DNA were confirmed using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively.



16S rRNA gene amplicon sequencing

The polymerase chain reaction (PCR) amplification of the bacterial 16S rRNA genes with V3–V4 region was performed using the universal forward primer 338F (5′-ACTCCTACGGGAGG CAGCA-3′) and the reverse primer 806R (5′-GGACTACHV GGGTWTCTAAT-3′). Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR reaction components contained 5.00 μL of buffer (5×), 0.25 μL of Fast pfu DNA Polymerase (5.00 U/μL), 2.00 μL (2.50 mM) of dNTPs, 1.00 μL (10 μM) of each forward and reverse primer, 1.00 μL of DNA template, and 14.75 μL of ddH2O. Thermal cycling conditions for PCR consisted of initial denaturation at 98°C for 5 min, followed by 25 cycles consisting of denaturation at 98°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s, with a final extension of 5 min at 72°C. The amplicons of PCR were purified with the Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States), following the manufacture’s protocols. After the individual quantification step, purified amplicons were pooled in an equal amount, and the pair-end (2 × 250 bp) sequencing was performed on an Illumina NovaSeq platform with NovaSeq 6,000 SP Reagent Kit (500 cycles) by the Shanghai Personal Biotechnology Co. Ltd. (Shanghai, China).



Sequence analysis

Microbiome bioinformatics analyses were performed using the QIIME2 v.4 with slight modifications according to the official tutorials.1 Briefly, raw sequence data were demultiplexed using the demux plugin, followed by primers cutting with the cutadapt plugin. Sequences were then quality filtered, denoised, merged, and chimera removed with DADA2 plugin. The non-singleton amplicon sequence variants (ASVs) were combined with mafft and performed to construct a phylogeny with fasttree2. The alpha-diversity metrics (including Chao1, Observed_species, Shannon, Simpson, Faith’s PD, Pielou’s evenness, and Good’s coverage) and beta-diversity metrics (including weighted UniFrac, unweighted UniFrac, Jaccard distance, and Bray–Curtis dissimilarity) were determined with the diversity plugin. Taxonomy was assigned to ASVs using the classify-sklearn naïve Bayes taxonomy classifier in a feature-classifier plugin against the Green genes Databases.



Bioinformatics analysis

Sequence data analyses were performed using the QIIME2 and R packages (v3.2.0). The ASV-level alpha-diversity metrics, including Chao1 richness estimator, Observed_species, Shannon index, and Simpson index, were calculated using the ASV table in QIIME2. Beta-diversity analysis was used to identify the microbial community structure variations among samples using the unweighted UniFrac distance metrics and visualized through principal coordinate analysis (PCoA). Principal component analysis (PCA) was conducted based on the compositional profiles at the genus level. The linear discriminant analysis effect size (LEfSe) was performed to detect differentially abundant taxa among different groups using the default parameters. Phylogenetic investigation of communities by reconstruction of unobserved state (PICRUSt) was used to characterize the functional capacity of the small intestinal microbiota of pigs.



UPLC–MS analysis for intestinal metabolites

The metabolite contents in the jejunum and ileum of Huanjiang mini-pigs were determined using a non-targeted metabolomics approach with the UPLC-HDMS. The metabolomics procedures included sample preparation, metabolite separation and detection, data preprocessing, and statistical analysis.

For metabolite identification, approximately 25 mg of each sample was weighed into a 2-mL EP tube and then added 500 μL extract solution [acetonitrile: methanol: water = 2:2:1 (v/v), with the isotopically-labeled internal standard mixture] to the EP tube. After 30 s of vortexing, the mixed samples were homogenized at 35 Hz for 4 min and sonicated in an ice-water bath for 5 min. The homogenization and sonication cycles were repeated three times. Then the samples were incubated for 1 h at −40°C and centrifuged at 12,000 × g for 15 min at 4°C. The resulting supernatants were filtered through a 0.22-μm membrane and transferred to fresh glass vials for further analysis. The quality control (QC) sample was obtained by mixing an equal aliquot of the supernatants from all samples.

An ultra-performance liquid chromatography (UPLC) system (Vanquish, Thermo Fisher Scientific, Waltham, MA, United States) with a UPLC BEH Amide column (2.10 × 100 mm, 1.70 μm) coupled with Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo Fisher Scientific, Waltham, MA, United States) was used to perform LC–MS/MS analyses. The mobile phase A contained 25 mmol/L ammonium acetate and 25 mmol/L ammonia hydroxide in water, and the mobile phase B contained acetonitrile. The injection volume was 3 μL, and the temperature of the auto-sampler was set at 4°C. To acquire MS/MS spectra on an information-dependent acquisition (IDA) mode, the QE HFX mass spectrometer was used for its ability in the control of the acquisition software (Xcalibur, Thermo Fisher Scientific, Waltham, MA, United States). In this mode, the acquisition software continuously evaluated the full scan of the MS spectrum. The conditions for ESI source were set as follows: sheath gas flow rate 30 Arb, Aux gas flow rate 25 Arb, capillary temperature 350°C, full MS resolution 60,000, MS/MS resolution 7500, collision energy 10/30/60 in NCE mode, and spray voltage 3.60 kV (positive ion mode) or −3.20 kV (negative ion mode), respectively.

For peak detection, extraction, alignment, and integration, obtained raw data were converted into mzXML format by ProteoWizard and then processed with an in-house program, which was developed using R and based on XCMS. The metabolites were annotated using an in-house MS2 (secondary mass spectrometry) database (BiotreeDB v2.1). The value of the cutoff was 0.3. The PCA and orthogonal partial least squares discriminant analysis (OPLS-DA) were established by the SIMCA software v.16.0.2 (Sartorius Stedim Data Analytics AB, Umea, Sweden) to visualize the distinction and detect differential metabolites among different CP content groups. Moreover, the Kyoto Encyclopedia of Genes and Genomes (KEGG) and MetaboAnalyst 5.0 were used for pathway analysis.



Statistical analysis

All experimental data were statistically analyzed by a one-way analysis of variance using SPSS v.26.0 software (SPSS Inc., Chicago, IL, United States) package. All data were checked for normal distribution, and then Tukey post-hoc test was subjected to comparative analyses among different groups. The individual pigs were considered the experimental unit. Data are presented as means ± standard error of the mean (SEM). The significance and a trend toward differences were considered as p < 0.05 and 0.05 ≤ p < 0.10, respectively. The GraphPad Prism 8.0 (San Diego, CA, United States) was used for processing images.




Results


Effects of different CP content in diets on the small intestinal microbiota community

Effects of different CP content in diets on the small intestinal microbiota community of Huanjiang mini-pigs are presented in Figure 1. Based on the high-throughput sequencing, a total of 5,541,169 raw sequences were generated from 30 jejunal and 29 ileal samples at 5–10 kg BW stage. After a series of processing, including filtering, denoising, and removing chimeras, a total of 3,923,641 high-quality sequences were obtained and aggregated into ASVs. Based on 97% sequencing similarity, a total of 4,569 bacterial ASVs were annotated in the jejunum, and 368 bacterial ASVs were common among different CP content groups, whereas 3,842 bacterial ASVs were annotated in the ileum, and 197 bacterial ASVs were common among different CP content groups.
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FIGURE 1
 Effects of different crude protein (CP) content in diets on the microbiota community in the small intestine of Huanjiang mini-pigs during different body weight (BW) stages.


At 10–20 kg BW stage, a total of 7,428,973 raw sequences were generated from 39 jejunal and 39 ileal samples of Huanjiang mini-pigs. After filtering, denoising, and removing chimeras, a total of 5,281,664 high-quality sequences were obtained and aggregated into ASVs (Figure 1). A total of 3,538 bacterial ASVs were annotated in the jejunum of which 341 were common bacterial ASVs, whereas 3,002 bacterial ASVs were annotated in the ileum of which 333 were common bacterial ASVs based on 97% sequencing similarity.

At 20–30 kg BW stage, a total of 7,234,867 raw sequences were generated from 35 jejunal and 35 ileal samples of Huanjiang mini-pigs, of which 5,044,147 high-quality sequences were obtained and aggregated into ASVs. Based on 97% similarity, 3,868 bacterial ASVs and 364 common ASVs were annotated in the jejunum, and 3,680 bacterial ASVs and 261 common ASVs were annotated in the ileum.



Effects of different CP content in diets on the small intestinal microbiota diversity

The small intestinal microbiota alpha-diversity, including Chao 1, Shannon, Simpson, and Observed_species indices of Huanjiang mini-pigs during different growth stages, are presented in Table 1. At 5–10 kg BW stage, there were no significant differences (p > 0.05) in the jejunum alpha-diversity indices among the five CP content groups. The 14, 16, and 18% CP contents in diets decreased (p < 0.05) the Shannon and Simpson indices in the ileum of pigs compared with the 20% CP content in the diet. At 10–20 kg BW stage, different CP content in diets had no impact (p > 0.05) in the jejunum and ileum alpha-diversity indices. At 20–30 kg BW stage, 12 and 14% CP contents in diets increased (p < 0.05) the Chao 1 index in the ileum compared with the 10, 16, and 18% CP contents. The 12 and 14% CP contents in diets displayed an increasing trend (p = 0.054) in the Shannon index in the ileum of pigs compared with the 18% CP content. Moreover, 14% CP content in the diet increased (p < 0.05) the Observed_species index in the ileum of pigs compared with the other CP contents in diets. However, there were no significant differences (p > 0.05) in the jejunum alpha-diversity indices among different CP content at 20–30 kg BW stage.



TABLE 1 Effects of different crude protein (CP) content in diets on the small intestinal microbiota alpha-diversity of Huanjiang mini-pigs during different body weight (BW) stages.
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Effects of different CP content in diets on the small intestinal microbiota beta-diversity of Huanjiang mini-pigs are presented in Figure 2. The PCoA analysis showed that there were significant separations of the microbial community structure in the jejunum and ileum of pigs between 14 and 16% CP contents and 20 and 22% CP contents at 5–10 kg BW stage, as well as the microbial community structure in the ileum of pigs at 20–30 kg BW stage (Figure 2A). Further non-metric multidimensional scaling (NMDS) analysis was used to assess intergroup microbial community structure distance among different CP content in diets of the different BW groups. The microbial community structure had significant separations in the jejunum and ileum at 5–10 kg BW stage, in the jejunum at 10–20 kg BW stage, as well as in the jejunum and ileum at 20–30 kg BW stage (Figure 2B).
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FIGURE 2
 Effects of different crude protein (CP) content in diets on the small intestinal microbiota beta-diversity of Huanjiang mini-pigs during different growth stages. Principal coordinate analysis (PCoA) score plots of the microbiota in the jejunum and ileum of pigs during different body weight (BW) stages (A) and non-metric multidimensional scaling (NMDS) ordinations score plots based on Bray-Curtis distance metric of microbiota in the jejunum and ileum of pigs during different BW stages (B).




Effects of different CP content in diets on the small intestinal microbial community composition

Based on 97% sequence similarity, the top 10 bacterial phyla and top 20 bacterial genera in the jejunum and ileum of Huanjiang mini-pigs during different BW stages were identified (Figures 3, 4). At 5–10 kg BW stage, Firmicutes (74.09, 87.41, 56.99, 48.72, and 55.81%), Proteobacteria (21.70, 10.43, 37.21, 39.82, and 39.04%), Actinobacteria (2.24, 0.78, 4.73, 7.53, and 3.37%), and Bacteroidetes (0.44, 1.30, 0.96, 1.83, and 1.23%) were the top dominant phyla in the jejunum of the 14, 16, 18, 20 and 22% CP content groups, respectively, accounting more than 90% of the total bacterial phyla (Figure 3A). Additionally, 16% CP content in the diet displayed an increasing trend (p = 0.089) of Firmicutes abundance, while 14 and 16% CP contents in diets showed a decreasing trend (p = 0.056) of Actinobacteria abundance in the jejunum compared with the 20% CP (Figure 3B). In the ileum, Firmicutes (89.33, 98.69, 76.00, 72.18, and 62.47%), Proteobacteria (10.40, 1.07, 19.98, 21.90, and 32.91%), and Actinobacteria (0.15, 0.12, 3.34, 4.70, and 3.73%) were the top three dominant phyla of the 14, 16, 18, 20, and 22% CP content groups, accounting more than 90% of the total bacterial phyla (Figure 3A). However, there were no significant differences (p > 0.05) in bacterial phyla abundances in the ileum among different CP content groups at 5–10 kg BW stage.
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FIGURE 3
 Effects of different crude protein (CP) content in diets on the small intestinal microbiota community composition (A) at the phylum level during different body weight (BW) stages and taxonomic differences in the jejunum (B) at 5–10 kg BW of Huanjiang mini-pigs.
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FIGURE 4
 Effects of different crude protein (CP) content in diets on the small intestinal microbiota community composition (A) of Huanjiang mini-pigs at the genus level during different body weight (BW) stages. Taxonomic differences in the jejunum (B) and ileum (C) at 5–10 kg BW of Huanjiang mini-pigs. a–c Values with different lowercase letters means significant difference (p < 0.05).


At 10–20 kg BW stage, the dominant phyla in the jejunum of the 12, 14, 16, 18, and 20% CP content groups were Firmicutes (86.57, 87.96, 86.76, 85.64, and 88.23%) and Proteobacteria (9.88, 10.78, 10.91, 11.57, and 10.48%), whereas in the ileum were Firmicutes (99.36, 92.93, 97.86, 99.27, and 99.58%) and Proteobacteria (0.43, 2.18, 1.85, 0.51, and 0.25%) (Figure 3A). There were no significant differences (p > 0.05) in the abundances of bacterial phyla in the jejunum and ileum at 10–20 kg BW stage.

At 20–30 kg BW stage, Firmicutes (70.38, 53.87, 65.03, 72.82, and 59.72%), Proteobacteria (26.94, 41.51, 31.34, 24.69, and 35.27%), and Bacteroidetes (1.06, 3.49, 1.88, 1.77, and 3.36%) in the jejunum and Firmicutes (98.32, 93.17, 94.44, 96.18, and 82.31%) and Proteobacteria (1.51, 6.40, 4.78, 3.69, and 17.62%) in the ileum were the top abundant bacterial phyla of the 10, 12, 14, 16, and 18% CP content groups (Figure 3A). However, there were no significant differences (p > 0.05) in the abundances of bacterial phyla in the jejunum and ileum at 20–30 kg BW stage.

Effects of different CP content in diets on the small intestinal microbial community composition of Huanjiang mini-pigs during different BW stages at the genus level are presented in Figure 4. At 5–10 kg BW stage, Lactobacillus (61.38, 84.12, 42.24, 13.50, and 29.75%), Sphingomonas (6.92, 3.58, 17.22, 7.29, and 16.54%), and Streptococcus (3.72, 1.26, 3.68, 14.25, and 13.61%) were the most dominant genera in the jejunum of the 14, 16, 18, 20, and 22% CP content groups. In addition, bacterial genera in the jejunum with >1% relative abundances were Aquabacterium, Brevundimonas, and Acinetobacter (Figure 4A). The diet consisting of 16% CP increased (p < 0.05) the relative abundance of Lactobacillus in the jejunum of pigs compared with the 18–22% CP contents, while 16% CP content in the diet displayed a decreasing trend (p = 0.086) of Sphingomonas abundance in the jejunum of pigs compared with the 18 and 22% CP contents. The 14, 16, and 20% CP contents in diets decreased (p < 0.05) the Pelomonas abundance in the jejunum of pigs compared with the 22% CP (Figure 4B). The dominant bacterial genera in the ileum of the 14, 16, 18, 20, and 22% CP content groups were Lactobacillus (68.03, 82.49, 37.33, 10.65, and 22.04%), Turicibacter (3.85, 7.05, 26.04, 9.91, and 14.07%), and Shigella (0.19, 0.15, 0.36, 5.64, and 15.93%) at 5–10 kg BW stage (Figure 4A). The 14–16% CP contents in diets increased (p < 0.05) the Lactobacillus abundance in the ileum of pigs compared with the 20–22% CP contents, while 14–18% CP contents in diets decreased (p < 0.05) the Streptococcus abundance compared with the 20% CP content (Figure 4C). At 10–20 kg BW stage, the most dominant genera in the jejunum of the 12, 14, 16, 18, and 20% CP content groups were Lactobacillus (70.85, 85.51, 82.72, 76.92, and 84.51%), Sphingomonas (3.80, 5.05, 3.29, 3.52, and 4.39%), and Aquabacterium (2.03, 1.60, 2.75, 3.66, and 2.13%), whereas in the ileum were Lactobacillus (60.28, 83.73, 76.83, 74.92, and 80.60%), Turicibacter (16.88, 1.42, 7.81, 14.42, and 11.29%), and Clostridiaceae-Clostridium (3.26, 3.23, 2.43, 1.19, and 0.47%) (Figure 4A). At 20–30 kg BW stage, Lactobacillus (56.62, 45.48, 50.57, 67.52, and 52.07%), Streptococcus (10.27, 11.77, 12.55, 7.35, and 20.54%), Aquabacterium (4.34, 7.35, 4.35, 4.53, and 2.93%), and Brevundimonas (3.67, 3.07, 3.94, 5.07, and 6.29%) were the most abundant genera in the jejunum, and Lactobacillus (49.91, 59.44, 31.72, 47.27, and 41.05%), Turicibacter (20.90, 15.21, 15.03, 32.62, and 28.37%), and Shigella (0, 4.46, 0, 2.69, and 16.80%) were the most abundant genera in the ileum of the 12, 14, 16, 18, and 20% CP content groups (Figure 4A). There were no significant differences (p > 0.05) in the abundances of the small intestinal genera at 10–20 kg and 20–30 kg BW stages.



Effects of different CP content in diets on metabolic capability profiles of the small intestinal microbiota

Different CP content in diets on the small intestinal metabolic capacity of Huanjiang mini-pigs during different BW stages are presented in Figure 5. The LEfSe analysis revealed that 20% CP content in the diet enriched the Prevotella and Tetrathiobacter, while 22% CP content in the diet enriched the Pseudomonas, Balneimonas, and Denitromonas differential marker genera in the jejunum of pigs at 5–10 kg BW stage (Figure 5A). In the ileum, the differential marker genera Sphaerotilus (14% CP), Blautia (20% CP), and Limnobacter (22% CP) were enriched at 5–10 kg BW stage (Figure 5B). At 10–20 kg BW stage, the differential marker genera Weissella (12% CP) and Sphaerotilus (16% CP) were enriched in the ileum (Figures 5A,B). At 20–30 kg BW stage, the differential marker genera Bifidobacterium (10% CP) and Ralstonia (18% CP) in the jejunum and Elstera (10% CP), Limnobacter (10% CP), Enterococcaceae (12% CP), SMB53, Actinobacillus (14% CP), Ralstonia (16% CP), and Sphaerotilus (18% CP) in the ileum were enriched in the different CP content groups (Figures 5A,B).
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FIGURE 5
 Analysis of taxonomic abundance of microbiota using linear discriminant analysis effect size (LEfSe) analysis (LDA score ≥ 2, p < 0.05) in the jejunum (A) and ileum (B) of Huanjiang mini-pigs during different body weight (BW) stages.


The impacts of different CP content in diets of Huanjiang mini-pigs during different BW stages on the small intestinal microbiota predictive function are shown in Figure 6. The level 1 PICRUST functional prediction analysis was used to compare functional enrichment of microbiota among the five CP content groups, and metabolic pathways were divided into six functional categories (including cellular processes, environmental information processing, genetic information processing, human diseases, metabolism, and organismal systems) (Figure 6A). In addition, 45 differential gene functions were observed among different CP content groups by level 2 PICRUST function prediction (Figure 6B). At 5–10 kg BW stage, there were significant changes in the majority pathways related to cell growth and death, replication and repair, infectious diseases, energy metabolism, terpenoid and polyketide metabolism, and endocrine system and immune system-related functions or pathways in the jejunum. In the ileum, the pathways belonged to cell motility, replication and repair, translation, infectious diseases, amino acid metabolism, biosynthesis of other secondary metabolites, and lipid metabolism and digestive system related functions or pathways. At 10–20 kg BW stage, there were no significant differences in the microbial functional pathways in the jejunum and ileum of the different CP content groups. At 20–30 kg BW stage, the pathways related to cell community-prokaryote and carbohydrate metabolism were enriched in the jejunum, whereas glycan biosynthesis and metabolism and cofactors and vitamins metabolism were enriched in the ileum of pigs.
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FIGURE 6
 Predictive metagenomics showing differences in the function among different CP content in diets of Huanjiang mini-pigs during different body weight (BW) stages. Metabolic pathways with different functional categories using the level 1 (A) analysis and level 2 (B) PICRUST analysis.




Effects of different CP content in diets on the small intestinal metabolome profile

In order to reveal the effects of different CP content in diets on the small intestinal metabolome profile of Huanjiang mini-pigs during different BW stages, metabolites extracted from jejunal and ileal samples were detected by UPLC-QTOF/MS. A total of 12,494 peaks were obtained from the positive ion mode (ESI+) and 9,940 peaks from the negative ion mode (ESI−) of LC–MS. After denoising, filtering, and data standardization, 8,586 (ESI+) and 6,979 (ESI−) valid peaks were obtained from the positive and negative ion modes, respectively. Finally, 845 (ESI+) and 334 (ESI−) differential metabolite signals were detected after matching with the local database (Shanghai Biotree Biomedical Technology Co. Ltd., Shanghai, China) (Supplementary Tables S4–S7).

Combined with our previous findings on immune- and antioxidant-related data (Liu et al., 2022, 2023), metabolomics analysis was considered by comparing the highest, lowest, and best dietary CP content in diets at each BW stage. The comparison groups included 14% vs. 20% and 20% vs. 22% CP contents for the 5–10 kg BW stage, 12% vs. 16% and 16% vs. 20% CP contents for the 10–20 kg BW stage, and 10% vs. 12% and 12% vs. 18% CP contents for the 20–30 kg BW stage. Considering the higher differential metabolite signals (845 vs. 334; ESI+ vs. ESI−), this study mainly analyzed the data under the ESI + mode.

Firstly, metabolite data in the ESI+ mode was visualized using an unsupervised multivariate data analysis method (PCA). As shown in Figure 7A, there were no visible differences between the groups, indicating that there were no significant differences in metabolome profiles between different CP content groups. To maximize the visualization of the changes in metabolome profiles between the different CP content groups, the data collected from the ESI+ mode were processed using the supervised multivariate data analysis method (OPLS-DA). As shown in Figure 7B and Supplementary Figure S1, there were significant visible cluster separation effects between groups with different dietary CP content groups, indicating that different CP content in diets significantly changed the small intestinal metabolome pattern of Huanjiang mini-pigs during different BW stages.

[image: Figure 7]

FIGURE 7
 The PCA analysis (A) and score plots of OPLS-DA (B) analysis of the small intestinal metabolites of different dietary crude protein (CP) content in diets of Huanjiang mini-pigs during different body weight (BW) stages.




Effects of different CP content in diets on differential metabolites in the small intestinal contents

Metabolites from different CP content groups were screened and identified based on parameter criteria of VIP > 1.0 and p < 0.05 to screen differential metabolites. Fifty-seven differential metabolites (increased 16 and decreased 41) were identified in the jejunum of the 14% CP content group compared to the 20% CP content group at 5–10 kg BW stage (Figure 8). The differential metabolites mainly included lipids and lipid-like molecules, organic acids and derivatives, and organic heterocyclic compounds. Six differential metabolites (increased three and decreased three) were identified in the jejunum of the 22% CP content group compared to the 20% CP group. These metabolites mainly included amines, amino acids, and organic oxygen compounds. In addition, 111 differential metabolites (increased three and decreased 108) were identified in the ileum of the 14% CP content group compared to the 20% CP group at 5–10 kg BW stage. The differential metabolites mainly included organic acids and derivatives, organic heterocyclic compounds, and lipids and lipid-like molecules. Furthermore, 11 differential metabolites (increased two and decreased nine) were identified in the ileum of the 22% CP content group compared to the 20% CP group at 5–10 kg BW stage. The differential metabolites mainly included organic acids and derivatives, as well as lipids and lipid-like molecules.
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FIGURE 8
 Volcano plots of the small intestinal metabolites based on the non-target metabolomics. Each symbol represents the identified metabolite, orange color represents significantly up-regulated differential metabolites, blue color represents significantly down-regulated differential metabolites, and gray color represents the metabolites those were not differed.


At 10–20 kg BW stage, 42 differential metabolites (increased four and decreased 38) were identified in the jejunum of the 12% CP content group compared to the 16% CP content group. These differential metabolites mainly included lipids and lipid-like molecules, organic acids and derivatives, organic heterocyclic compounds, and benzenes. In addition, 34 differential metabolites (all metabolites were decreased) were identified in the jejunum of the 20% CP content group compared to the 16% CP content group. These differential metabolites mainly included lipid and lipid-like molecules, phenylpropane and polyketide, and benzene. A total of 40 differential metabolites (increased two and decreased 38) were identified in the ileum of the 12% CP content group compared to the 16% CP content group. These metabolites mainly included lipid and lipid-like molecules, organic acids and derivatives, organic heterocyclic compounds, and benzene. Moreover, 14 differential metabolites (increased three and decreased 11) were identified in the ileum of the 20% CP content group compared to the 16% CP content group, and the differential metabolites mainly included lipids and lipid-like molecules (Figure 8).

At 20–30 kg BW stage, 23 differential metabolites (increased six and decreased 17) were identified in the jejunum of the 10% CP content group compared to the 12% CP content group. The differential metabolites mainly included lipids and lipid-like molecules, organic acids, and derivatives. In addition, 15 significantly increased differential metabolites were identified in the jejunum of the 18% CP content group compared to the 12% CP content group. The differential metabolites mainly included organic acids and derivatives and organic heterocyclic compounds. A total of 84 differential metabolites (increased six and decreased 78) were identified in the ileum of the 10% CP content group compared to the 12% CP content group. The differential metabolites mainly included organic heterocyclic compounds, organic acids and derivatives, lipids and lipid-like molecules, and benzenes. Furthermore, 227 differential metabolites (increased 20 and decreased 207) were identified in the ileum of the 18% CP content group compared to the 12% CP content group. The differential metabolites mainly included organic heterocyclic compounds, organic acids and derivatives, and lipids and lipid-like molecules (Figure 8).



Effects of different CP content in diets on the intestinal metabolome metabolism pathways

The KEGG analysis was used to further analyze the metabolism pathways and metabolite marker of differential metabolites between the high and low CP content in diets and the optimal CP content in the diet (Figure 9). At 5–10 kg BW stage, the steroid hormone biosynthesis pathway was enriched in the jejunum of the 14% CP content group compared to the 20% CP content group, which was related to the four detected steroid differential metabolites. However, no differential metabolic pathway was detected in the jejunum of the 22% CP content group compared to the 20% CP content group (Figure 9A). Moreover, phenylalanine metabolism, aminoacyl-tRNA biosynthesis, phenylalanine/tyrosine/tryptophan biosynthesis, arginine/proline metabolism, and β-alanine metabolism pathways were enriched in the ileum of the 14% CP content group compared to the 20% CP content group, which were associated with 10 amino acids and phytohormone differential metabolites detected. However, no differential metabolite pathways were detected in the ileum of the 20% vs. 22% CP content groups (Figure 9B).
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FIGURE 9
 Effects of different crude protein (CP) content in diets on metabolic pathways in the jejunum (A) and ileum (B) of Huanjiang mini-pigs during different body weight (BW) stages.


At 10–20 kg BW stage, the histidine metabolism pathway was enriched in the jejunum of the 16% CP content group compared to the 20% CP content group (Figure 9A). In addition, the primary bile acid biosynthesis pathway was enriched in the ileum of the 16% CP content group compared with the 20% CP content group, and it was associated with the detected 25-hydroxycholesterol differential metabolite (Figure 9B). However, there was no pathway enrichment in the jejunum and ileum between the 12 and 16% CP content groups.

At 20–30 kg BW stage, alanine, aspartate, and glutamate metabolic pathways were enriched in the jejunum of the 10% CP content group compared to the 12% CP content group, which were associated with differential metabolites of argininosuccinic acid (Figure 9A). Arginine and proline metabolism, and aminoacyl-tRNA biosynthesis pathways were enriched in the ileum of the 10% CP content group compared to the 12% CP content group, which were associated with six amino acids differential metabolites detected. Moreover, arginine and proline metabolism, phenylalanine metabolism, aminoacyl-tRNA biosynthesis, phenylalanine, tyrosine and tryptophan biosynthesis, d-glutamine and d-glutamate metabolism, pantothenic acid and CoA biosynthesis, β-alanine metabolism, and nitrogen metabolism pathways were enriched in the ileum of the 12% CP content group compared to the 18% CP content group. These pathways were associated with 17 amino acids, phytohormones, and carbonyl compounds (Figure 9B). However, there was no metabolic pathway enrichment in the jejunum between the 12 and 18% CP content groups.




Discussion

The intestinal microbiome and metabolome play an important role in human and animal health. Diet is one of the main factors affecting the intestinal microbiome composition (Ijaz et al., 2018). Dietary CP is a major macronutrient in diets and contributes to maintain the health of animals by regulating the micro-ecological balance and metabolite production in the small intestine. Thus, this study investigated the effects of different CP content in diets on the small intestinal microbiome and metabolome profiles of Huanjiang mini-pigs during different growth stages. The results showed that the optimal CP content in the diet affected the immunity and antioxidant capacity of Huanjiang mini-pigs by regulating the abundant microbiota composition of the small intestine and their amino acid-related metabolic activities.

The intestinal microbiota regulates the gastrointestinal health and function of the host. The higher microbial diversity is beneficial for intestinal homeostasis and the overall health of the host. The Chao1 and Observed_species indices indicate microbial richness, while the Shannon and Simpson indices indicate microbial diversity. In the present study, 20% CP content in the diet increased the Shannon and Simpson indices in the ileum at 5–10 kg BW stage, while 12 and 14% CP contents in diets had higher microbial richness and diversity in the ileum at 20–30 kg BW stage. These findings indicate that 20% CP content in the diet at 5–10 kg BW stage and 12–14% CP contents in diets at 20–30 kg BW stage were more effective in contributing to intestinal homeostasis of piglets. However, different CP content in diets at 10–20 kg BW stage had no impact on the microbial diversity of piglets. The findings were consistent with a previous study, which reported that a reduction of 3% of CP content in diets does not affect microbial richness and diversity (Zhou et al., 2016). Further beta-diversity analysis showed that different dietary CP content influenced the overall microbiota structure in the small intestine of Huanjing mini-pigs during 5–10 and 20–30 kg BW stages.

Firmicutes and Proteobacteria were the most dominant phyla in the jejunum and ileum of Huanjiang mini-pigs during different BW stages, which was different from previous studies (Wang X. et al., 2019; Hou et al., 2021). It has been reported that an increase in the Firmicutes to Bacteroidetes ratio promotes lipid deposition (Wang X.X. et al., 2019) and may be associated with metabolic diseases, such as obesity. We found that 16% CP content in the diet displayed an increasing trend of the Firmicutes abundance in the jejunum compared to the 20% CP content; however, there was no significant difference in the relative abundance of Bacteroidetes in the jejunum among different CP content in diets. Moreover, 14 and 16% CP contents in diets displayed a decreasing trend of Actinobacteria abundance in the jejunum compared to the 20% CP content. Bifidobacterium belongs to the Actinobacteria phylum, a potential probiotic that promotes body health and can inhibit colonization by intestinal pathogens (Barba-Vidal et al., 2017) and modulate intestinal immune responses (Kandasamy et al., 2014). However, it has been found that feeding the pigs with a lower CP content in the diet for 120 days increased the Bifidobacterium abundance in the jejunum and ileum (Zhang et al., 2020). The inconsistency of our results might be related to the test pigs’ breed and the age in the present study, which was different, and the small intestinal microbiota composition was affected differently. A higher CP content in the diet (CP > 20%) affects the intestinal structure and barrier function, thereby affecting intestinal health, which ultimately leads to an increased rate of diarrhea in piglets (Xia et al., 2022). Previously, we found the diarrhea index was increased in the Huanjiang mini-pigs at 5–10 kg BW stage with a higher CP content in the diet (20% CP) compared to the lower CP content (14–16% CP) (Liu et al., 2022), which may be related to the lower Firmicutes abundance and the higher Proteobacteria abundance in the small intestine of pigs. However, no significant differences were observed in the small intestinal microbiota among different CP content groups during 10–20 kg and 20–30 kg BW stages, which may be because of the small intestinal maturation of Huanjiang mini-pigs during the latter two BW stages.

At the genus level, Lactobacillus is one of the major genera in the small intestine of growing pigs. Lactobacillus and Bifidobacteria ferment carbohydrates into lactic acid and improve intestinal health (Kleerebezem et al., 2003; Fukuda et al., 2011). In the present study, 16% CP content in the diet increased the Lactobacillus abundance in the jejunum and ileum of pigs compared to the 20 and 22% CP contents, indicating that moderate protein restriction might increase beneficial bacteria in the small intestine and optimize the structure of the small intestinal microbiota. Streptococcus is also a member of lactic acid bacteria and participates in amino acid utilization (Neis et al., 2015), but some of these bacterial species are potential pathogens that adversely affect body health (Fortomaris et al., 2006; Chen et al., 2018). We found that the 14, 16, and 18% CP contents in diets lowered the relative abundance of Streptococcus in the ileum compared to the 20% CP content at 5–10 BW stage, which may be related to their insufficient protein substrates required for fermentation. In addition, 16% CP content in the diet also lowered the relative abundance of Sphingomonas than the 18 and 22% CP contents, whereas Sphingomonas was also lower in the 14, 16, and 20% CP content groups than in the 22% CP content group. Sphingomonas and Pelomonas are both harmful bacteria, indicating that excessive dietary CP content in diets could increase the relative abundance of harmful bacteria in the small intestine of pigs.

Intestinal microbiota can produce abundant metabolites, which participate in the intestinal physiological function and modulate the metabolic activities of the host (Schroeder and Bäckhed, 2016). In addition, intestinal microbiota-derived metabolites are the key host-microbiota interaction intermediates products and have various physiological functions to maintain the host’s health (Koh and Bäckhed, 2020). It has been demonstrated that dietary intervention significantly affects the composition and abundance of the intestinal microbiota (Cameron-Smith et al., 2020). Through functional prediction of the gut microbiota, it was found that a low-protein content in diets increased the gut microbial metabolic activity in pigs because the gut microbiota genes with different CP content in diets were mainly enriched in “metabolic pathways” (Wang et al., 2020). In the present study, different CP content in diets revealed several differential metabolite differences in the small intestinal sites. For instance, compared with the 14% CP content in the diet at 5–10 kg BW stage, differential metabolites related to lipids and lipid-like molecules, of which four steroidal metabolites were changed, eventually affecting the steroid hormone biosynthesis pathway in the jejunum when diets consisted of 20% CP. Compared to the 14% CP content in the diet, 20% CP content in the diet enhanced 111 differential metabolites in the ileum, most of which were amino acids. These dozens of differential metabolites were involved in phenylalanine metabolism, aminoacyl-tRNA biosynthesis, phenylalanine/tyrosine/tryptophan biosynthesis, arginine and proline metabolism, and β-alanine metabolism pathways, and there were differences in metabolites produced by different intestinal segments under the same comparative method.

In addition to the intestinal tract, metabolites can also be affected by sex, and a lower CP content in the diet has a greater impact on sow metabolism (Tao et al., 2021). However, no differential metabolic pathways were detected in the jejunum and ileum of pigs when the pigs were feeding a diet containing 20% CP compared to the pigs fed a diet containing 22% CP in the present study, possibly because of their small differences in protein content. Moreover, at 10–20 kg BW stage, the histidine metabolism in the jejunum and primary bile acid biosynthesis pathway in the ileum were enriched when the pigs were fed a diet containing 16% CP compared to the 20% CP. Moreover, several pathways were detected related to amino acid metabolism at 20–30 kg BW stage, especially when the 12% CP content was compared with the 18% CP content; multiple amino acid metabolism pathways, such as arginine and proline metabolism, phenylalanine metabolism, aminoacyl-tRNA biosynthesis, and phenylalanine/tyrosine/tryptophan biosynthesis were affected in the ileum. These findings suggest that lower CP content in diets had better effects on beneficial intestinal metabolite enrichment at the early growth stage of Huanjiang mini-pigs, which also supports the intestinal microbiota modulation of young pigs in the present study.



Conclusion

Based on the findings obtained in the present study, lower CP content in diets (especially 16% CP content in the diet) showed beneficial effects on the intestinal health of piglets by increasing the relative abundances of beneficial bacteria (i.e., Firmicutes and Lactobacillus) and decreasing the pathogenic bacteria (i.e., Sphingomonas and Pelomonas) in the small intestine of Huanjiang mini-pigs at the early growth stage (5–10 kg BW). Moreover, lower CP content in diets was also beneficial for intestinal metabolome profiles, particularly amino acid metabolism in the small intestine of pigs. Although higher CP content in diets showed the potential risk for piglets at the early growth stage; however, the potential risk was diminished after maturing the gut of piglets. These findings suggest the optimal CP content of 16% in the diet for Huanjiang mini-pigs at the early growth stage (5–10 kg BW).
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Hemorrhoids are a common ailment that can cause significant disruptions to one’s daily life. While some researchers have speculated about a potential link between hemorrhoid development and gut microbes, there is currently insufficient evidence to support this claim. In this study, we collected samples from 60 hemorrhoid patients and analyzed the composition and characteristics of microbiomes in hemorrhoids. PCoA results revealed distinct differences between the microbiomes of hemorrhoids, skin-originated microbiomes, and gut microbes, highlighting the complex nature of hemorrhoidal microbiomes. The distribution characteristics of Staphylococcus suggest that the skin microbiome influences the microbiome of hemorrhoids. Additionally, we observed higher levels of Prevotella in two cases of thrombosed hemorrhoids compared to non-thrombosed hemorrhoids. This finding suggests that Prevotella may play a crucial role in the development of thrombosed hemorrhoids.
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Introduction

Hemorrhoids are the most common condition in the field of proctology, with a prevalence ranging from 4 to 38.93% (Johanson and Sonnenberg, 1990; Riss et al., 2012). This condition typically involves the displacement of the anal cushion, leading to discomfort and impacting the daily lives of those affected (Loder et al., 1994). Hemorrhoids can be classified into internal hemorrhoids and external hemorrhoids based on their location and clinical manifestations (Adler, 1905). In addition, thrombosed hemorrhoids are a specific type of hemorrhoids characterized by the formation of blood clots within the hemorrhoidal blood vessels. This condition results in swelling, redness, and pain in the hemorrhoidal tissues (Zhang et al., 2019).

In the medical field, there is no consensus on the etiology of hemorrhoids. Currently, there are several main theories on the causes of hemorrhoids: (1) the varicose vein theory, (2) the vascular hyperplasia theory, and (3) the theory of sliding anal canal lining, which is widely accepted (Palumbo et al., 2023). The earliest theory proposed that hemorrhoids may be related to varicose veins, such as varicose swelling caused by increased local pressure from hard stools (Burkitt, 1972; Chawla and Dilawari, 1989). Some scholars believe that the formation of hemorrhoids may be a result of vascular proliferation during the inflammatory response and tissue remodeling process (Chung et al., 2004; Aigner et al., 2009). The latest theory suggests that the pathological sliding of the anal cushions is the main cause of hemorrhoid formation (Thomson, 1975; Haas et al., 1984; Loder et al., 1994; Lohsiriwat, 2012). The above three theories are based on the characteristics of human tissues. In addition to the reasons mentioned above, dietary habits such as a low-fiber diet, lack of regular exercise, and low water intake are also believed to be associated with the formation of hemorrhoids (Feyen et al., 2022).

In the past decade, with the rapid advancement of microbiology, people have gradually realized that the role of microorganisms is far more powerful than we imagined. The traditional concept of the gut-brain axis has also gradually transformed into the gut-brain-microbiome (GBM) interactions. Many researchers believe that there is a close relationship between microorganisms and the development of hemorrhoids, particularly the microorganisms residing in the gut. Current research shows that the intestinal microbiota plays a crucial role in the development of the host immune system, digestion, and other pathways. Moreover, an increasing number of studies have demonstrated a correlation between fecal microbiota and chronic constipation (Jeffery et al., 2012; Parthasarathy et al., 2016).

With the popularity of high-throughput sequencing technology, the 16S ribosomal RNA (rRNA) gene amplicon sequencing has also been widely used in various gastrointestinal diseases (Takahashi and Andoh, 2016; Nishino et al., 2018). Compared with traditional microbiological culture, sequencing technology can accurately and realistically reflect the composition and proportion of microbial communities with high throughput (Lundberg et al., 2013). Furthermore, based on the viewpoint that the majority of microorganisms in different environments are unculturable, 16S rRNA can accurately represent the microbial composition in a given environment (Steen et al., 2019). From the above considerations, in the study on the correlation between the clinical occurrence of hemorrhoids and microbiota, in order to find the relationship between microbe and hemorrhoids, 16S rDNA amplicons sequencing was used to analyze the samples of 60 patients with hemorrhoids.



Materials and methods


Sample collection and preparation

The samples were taken from various regions of patients with hemorrhoids in the anorectal department of Qilu Hospital of Shandong University (Qingdao). When sampling, use a sterile cotton swab along with an anal reamer to carefully collect an adequate amount of tissue fluid from the relevant sites. The swabs are then quickly placed in sterile Eppendorf tubes containing 15% glycerin, stored at a low temperature, and transported to the lab.



16S rDNA amplicon sequencing and bioinformatics analysis

Total DNA was extracted from swab samples using the DNeasy® PowerSoil® Kit (Qiagen, Germany). The extracted DNA was checked using the NanoDrop One spectrophotometer (NanoDrop Technologies, Wilmington, DE) and the Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA, United States). Amplification of the 16S V3-V4 region was performed using a custom primer with a barcode (341F: 5′-CCTACGGGNGGCWGCAG-3′, 805R: 5′-GACTACHVGGGTATCTAATCC-3′). Utilizing the library building kit from Vazyme, specifically the VAHTS® Universal DNA Library Prep Kit for Illumina. 16S rDNA amplicon sequencing was performed on the Illumina NovaSeq 6000 sequencer (Illumina, Inc., San Diego, CA, USA). Using QIIME2 v2021.4.0, the primer sequences were removed (Bokulich et al., 2018). Using the QIIME2 plugin vsearch (with a default sequence threshold of 97%), Operational Taxonomic Units (OTUs) classification was determined. The SILVA ribosomal RNA database (v138.1) was used for annotation.



Data analysis and statistics

Unweighted UniFrac distance was calculated using the phyloseq package in the R platform. Hierarchical clustering was performed using the UPGMA method. MaAsLin2 (Microbiome Multivariable Association with Linear Models version 2.0) was used to identify biomarkers of microbiomes using linear models. ANOSIM and NMDS were performed using the vegan package on the R platform.

All statistical analyses were performed using Jamovi 2.3.21.0 or Prism 9.4.1 (681).




Results and discussion


Sample collection and experimental design

Samples were collected from 60 hemorrhoid-suffering patients to investigate the microbiomic signatures of hemorrhoids and the potential origins of microbes associated with hemorrhoids. These patients include 22 males and 38 females, with an average age of 43.75. Standard diagnostic procedures were performed to confirm the disease, and samples were taken before and after surgery (for hemorrhoids).

Four samples were taken from each patient, including swabs of feces, rectum surface, hemorrhoid surface before surgery, and hemorrhoid after surgery (Figure 1). These sampling sites were designed to identify potential microbiomic biomarkers for each site, especially for hemorrhoids, and to evaluate the potential origins of the hemorrhoidal microbes.

[image: Figure 1]

FIGURE 1
 Sampling locations.




Bacterial compositions of collected samples

The bacterial compositions of the collected samples were determined using 16S rDNA amplicon sequencing. On the phylum level, Firmicutes, Proteobacteria, and Bacteroidota are the three most abundant bacterial taxa, consistent with prior research on human gastrointestinal microbiomes (Figure 2A). On the genus level, Prevotella, Escherichia-Shigella, Bacteroides, Faecalibacterium, and Streptococcus, are present at high abundances. These genera are also frequently observed in gastrointestinal tract samples (Figure 2B).

[image: Figure 2]

FIGURE 2
 Microbial community structures of the four sampling locations. (A), on phylum level; (B), on genus level.


Analysis of alpha diversities revealed that the microbiomes of the hemorrhoid surface and rectum surface exhibit similar alpha diversities (Figure 3; Table 1). Similarly, feces and hemorrhoid microbiomes exhibit similar α diversities (Figure 3; Table 1). However, both feces and hemorrhoid microbiomes exhibit lower richness (as indicated by Chao1 indices and ACE estimators) and diversity (as measured by Shannon indices and Simpson indices) levels. Therefore, feces and hemorrhoid carry microbiomes with lower diversities, which can be explained by the lack of exposure of hemorrhoid and feces to the environment. This is particularly evident when considering that the skin has been removed from the hemorrhoids. However, it is surprising to discover that hemorrhoid microbiomes are as diverse as fecal microbiomes, which could be one of the most diverse bacterial communities inside the human body. This reveals the complexity of microbes in hemorrhoids.
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FIGURE 3
 Comparison of α-indices.




TABLE 1 Statistical significance of comparison between alpha indices.
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An analysis of similarities between microbiomes was performed to explore the relationships among microbiomes from various sampling sites. Weighted UniFrac distances were calculated between each microbiome using a maximum likelihood phylogenetic tree constructed with FastTree. PCoA analysis revealed that the microbiomes at the four sampling sites are significantly different (Figure 4, ANOSIM p = 0.001). However, the microbiomes are “paired” in nature, indicating that the four microbiomes from four sampling sites of the same subject form a distinct group of samples. Therefore, simply grouping microbiomes of the same sampling site from different samples is statistically flawed. With this consideration, a second approach was subsequently applied to assess the distance between microbiomes of every pair of sampling sites and to conduct paired t-tests to identify significant differences in the distances. Clear differences in distances between each pair of sampling sites can be observed, as shown in Figure 5A. Subsequent statistical comparison (Figure 5A) showed that the distances between the microbiomes of each pair of sampling sites follow a clear hierarchy: hemorrhoid surface and hemorrhoid = rectum surface to hemorrhoid = feces to hemorrhoid > hemorrhoid surface to feces > hemorrhoid surface to rectum surface > rectum surface to feces.

[image: Figure 4]

FIGURE 4
 NMDS analysis of the microbiomes.
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FIGURE 5
 Weighted UniFrac distances between different pairs of sampling sites (A) and their significances (B).


An interesting observation in this distance hierarchy is that the hemorrhoid microbiome is equally distant from other microbiomes, which are closer to each other than to the hemorrhoid microbiome. Although PCoA of averaged distances cannot clearly reflect this observation because it is essentially a dimension reduction technique and cannot accurately represent true distances on a two-dimensional plot (Figure 6), as shown in the three-dimensional illustration of the four microbiomes in Figure 6, it is evident that hemorrhoid microbiomes are distinct from all other three sampling sites. It can therefore be suggested that hemorrhoids harbor a significantly different microbiome compared to all other sampling sites. Considering that all three other sampling sites are part of the gastrointestinal tract and closely interact with the gastrointestinal microbiomes, this finding strongly suggests that hemorrhoid microbiomes may have sources of influence beyond the gastrointestinal microbiomes.

[image: Figure 6]

FIGURE 6
 PCoA analysis of microbiomes.




Bacterial signatures of hemorrhoid microbiomes

To understand the signatures of hemorrhoid microbiomes, a linear model-based MaAsLin2 algorithm was used to identify biomarkers for hemorrhoid microbiomes (Mallick et al., 2021). This method outperforms LEfSe, a similar algorithm, by reducing false positive discoveries. Bacterial genera with an average abundance of over 0.1% and a discovery-adjusted p-value (FDR) of <0.05 were reported. No significant microbiomic signature was found in hemorrhoid microbiomes compared to rectum surface microbiomes. However, six genera were found to distinguish the microbiomes of hemorrhoid surfaces, and three genera were found to distinguish the microbiomes of feces compared to hemorrhoid microbiomes. Distinct patterns were found while analyzing the microbiomic signatures of hemorrhoid surface and feces compared to hemorrhoid microbiomes. All six genera identified had higher abundances in hemorrhoid surface samples than in hemorrhoid samples (Table 2), while two out of three bacterial groups identified in the hemorrhoid-feces comparison had higher abundances in hemorrhoid samples (Table 3).



TABLE 2 Microbiomic biomarker of hemorrhoid surface microbiome vs. hemorrhoid.
[image: Table2]



TABLE 3 Microbiomic biomarker of hemorrhoid surface microbiome vs. hemorrhoid.
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The higher abundances of bacterial genera on the surface of hemorrhoids compared to samples from inside the hemorrhoids suggest a bacterial gradient from the surface to the interior of hemorrhoids. This is interestingly true for both feces and rectum surface samples: all six genera are present in significantly higher abundances in hemorrhoid surface samples when analyzed with MaAsLin2. For Actinomyces, the average abundances in the rectum surface and feces are 1.11 × 10−3 and 1.17 × 10−3, respectively, significantly lower than the abundance of 5.24 × 10−3 in hemorrhoid surface (FDR = 8.32 × 10−6 and 1.33 × 10−7, respectively). For Corynebacterium, the average abundances in the rectum surface and feces are 2.13 × 10−3 and 2.89 × 10−3, respectively, significantly lower than the abundance of 0.018 in the hemorrhoid surface (FDR = 2.31 × 10−5 and 4.13 × 10−9, respectively). For Finegoldia, the average abundances in the rectum surface and feces are 0.012 and 5.56 × 10−3, respectively, significantly lower than 0.046 in the hemorrhoid surface (FDR = 4.04 × 10−3 and 4.29 × 10−6, respectively). For Anaerococcus, the average abundances in the rectum surface and feces are 9.93 × 10−3 and 6.62 × 10−3, respectively, significantly lower than the abundance of 0.032 on the hemorrhoid surface (FDR = 9.55 × 10−3 and 1.12 × 10−5, respectively). For Peptoniphilus, the average abundances in the rectum surface and feces are 0.011 and 0.011, respectively, which are significantly lower than the abundance of 0.034 in the hemorrhoid surface (FDR = 0.011 and 1.63 × 10−4, respectively). For Staphylococcus, the average abundances in the rectum surface and feces are 2.18 × 10−3 and 3.39 × 10−3, respectively, significantly lower than the abundance of 0.019 on the hemorrhoid surface (FDR = 1.29 × 10−5 and 1.63 × 10−4, respectively). Staphylococcus is a genus particularly associated with the skin and mucosa. The high presence of microbiomes on hemorrhoid surfaces suggests that they originate from the skin.

The hemorrhoid microbiome differs from the fecal microbiome in three genera, including Staphylococcus. A higher abundance of Staphylococcus was found in hemorrhoids (7.68 × 10−3) compared to feces (3.39 × 10−3) and the rectum surface (2.18 × 10−3). This, in combination with the higher presence of Staphylococcus in hemorrhoid samples and the skin origin of this group, appears to indicate a skin origin of Staphylococcus in hemorrhoid. Although not studied in this work, previous attempts to analyze fecal microbiomes of healthy adults (Feng et al., 2023; Liu et al., 2023) and children (Yuan et al., 2023) were unable to identify characteristic skin bacteria in their feces. Therefore, a proposal can be made that skin microbiomes at least partly influence the microbiomes in hemorrhoids. It must be stressed here that we did not carry out similar comparisons in healthy subjects. Therefore, this proposal was not validated using healthy controls to determine the absence of skin-oriented microbes in them. Hence, conclusions need to be carefully evaluated.



Microbes in thrombosed hemorrhoid

Two hemorrhoid samples we were able to obtain are from patients suffering from thrombosed hemorrhoids. This is a type of hemorrhoid that can lead to acute pain and swelling (Halverson, 2007). There has been no report or proposal connecting this form of hemorrhoids to microbial infections. The microbiomes associated with the two thrombosed hemorrhoid samples were examined and compared with other hemorrhoid samples. Although the microbiomes in thrombosed hemorrhoid samples Z31 and Z60 appear vastly different from averaged hemorrhoid samples, the most striking observation is that both thrombosed hemorrhoid samples contain a very high level of Prevotella (Figure 7; Z31, 46.37%; Z60, 35.45%; averaged hemorrhoid samples, 9.80%). Due to the rarity of patients with thrombosed hemorrhoids, we were unable to collect additional samples for a more comprehensive investigation. Nevertheless, this observation of a high Prevotella level implies that Prevotella may play a role in the development of thrombosed hemorrhoids, and that the blood clots within thrombosed hemorrhoids do contain microbes. Indeed, preliminary screening successfully isolated bacteria from thrombosed hemorrhoids. However, Prevotella strains were not cultivated due to our lack of awareness regarding the potential enrichment of this genus. Additionally, we did not utilize media that could enrich this genus or employ anaerobic cultivating conditions.

[image: Figure 7]

FIGURE 7
 Relative abundance of microbiomes in thrombosed hemorrhoids compared to hemorrhoids.





Conclusion

In conclusion, the microbiomic signatures of hemorrhoids and related samples were investigated in 60 patients. The microbiomes of hemorrhoids are significantly different from those found on hemorrhoid surfaces, rectum surfaces, and feces. Further analysis and comparison of microbiomic biomarkers suggest that microbiomes in hemorrhoids are influenced significantly by the surfaces of the hemorrhoids. Specifically, Staphylococcus, which are bacteria associated with the skin or mucosa, are more abundant on hemorrhoid surfaces, less abundant in hemorrhoids, and even less so on rectum surfaces and fecal samples. This implies a potential transmission of skin microbes into hemorrhoids. Further investigation of thrombosed hemorrhoid samples suggests a higher Prevotella content, indicating the presence of microbes in thrombosed hemorrhoids. Therefore, Prevotella may play a role in the development of thrombosed hemorrhoids.
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Introduction: The buffalo is an important domestic animal globally, providing milk, meat, and labor to more than 2 billion people in 67 countries. The rumen microorganisms of buffaloes play an indispensable role in enabling the healthy functionality and digestive function of buffalo organisms. Currently, there is a lack of clarity regarding the differences in the composition and function of rumen microorganisms among buffaloes at different growth stages.

Methods: In this study, metagenomics sequencing technology was applied to examine the compositional and functional differences of rumen microorganisms in adult and breastfed buffaloes.

Results: The results revealed that the rumen of adult buffaloes had significantly higher levels of the following dominant genera: Prevotella, UBA1711, RF16, Saccharofermentans, F23-D06, UBA1777, RUG472, and Methanobrevibacter_A. Interestingly, the dominant genera specific to the rumen of adult buffaloes showed a significant positive correlation (correlation>0.5, p-value<0.05) with both lignocellulose degradation-related carbohydrate-active enzymes (CAZymes) and immune signaling pathways activated by antigenic stimulation. The rumen of breastfed buffaloes had significantly higher levels of the following dominant genera: UBA629, CAG- 791, Selenomonas_C, Treponema_D, Succinivibrio, and RC9. Simultaneously, the rumen-dominant genera specific to breastfed buffaloes were significantly positively correlated (correlation>0.5, p-value<0.05) with CAZymes associated with lactose degradation, amino acid synthesis pathways, and antibiotic-producing pathways.

Discussion: This indicates that rumen microorganisms in adult buffaloes are more engaged in lignocellulose degradation, whereas rumen microorganisms in breastfed buffaloes are more involved in lactose and amino acid degradation, as well as antibiotic production. In conclusion, these findings suggest a close relationship between differences in rumen microbes and the survival needs of buffaloes at different growth stages.
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Introduction

The buffalo, a globally significant domestic animal of great value to humans, like other ruminants, possesses a specialized four-chambered stomach consisting of the rumen, reticulum, omasum, and abomasum. This unique digestive system enables the transformation of low-nutritional-value forage into high-quality animal protein, allowing the buffalo to adapt to the life cycle of forage grass (Lei et al., 2018). The ability of buffaloes to digest plant feeds is primarily attributed to the function of the microbial community within their gastrointestinal tract (Mizrahi et al., 2021). The structure of the rumen microbial community is community-based and can be influenced by various factors, such as host species (Li et al., 2019), gender (Guo et al., 2022), genetic factors (Zhang et al., 2020), diet (Scharen et al., 2017), age, and early life microbial colonization (Furman et al., 2020). The rumen microbiota plays a pivotal role in the utilization of plant material by ruminants (Su et al., 2022). The efficiency of plant feed utilization by rumen flora has a direct impact on host animal feed efficiency (Li et al., 2019), energy acquisition efficiency (Sasson et al., 2017), methane emissions (Mizrahi et al., 2021), antibiotic resistance genes (Sabino et al., 2019), milk yield, and milk protein content (Xue et al., 2020).

Dietary changes have a significant effect on the digestive flora of animals (Scharen et al., 2017; Morais and Mizrahi, 2019; Furman et al., 2020; Cao et al., 2023). Previous studies have demonstrated that diet influences the development of rumen flora in dairy cows (Furman et al., 2020), and the composition of the gut flora of humans (Stewart et al., 2018), pigs (Lim et al., 2019), and goats (Cao et al., 2023) varies considerably between the period of breastfeeding and the composition of adulthood. This shift occurs as neonates consume solid foods and cease breastfeeding, leading to a microbiome that resembles a more adult-like state and exhibits increased microbial diversity. Beef cattle (Stewart et al., 2018), dairy cows (Xue et al., 2022), sheep (Lane et al., 2000), goats (Cao et al., 2023), and camels (Gharechahi et al., 2022) have been found to have important roles in rumen microbial functioning for the health of the host animal. However, little attention has been given to differences in rumen microbial composition and functioning between calf buffaloes during the breastfeeding stage and adult buffaloes.

In this study, we analyzed the rumen microbial metagenomic data from 18 breastfed buffaloes and 29 adult female buffaloes fed with feed. We found that adult buffaloes had a higher abundance of genera (Prevotella, Saccharofermentans, Methanobrevibacter_A, UBA1711, RF16, F23-D06, UBA1777, and RUG472), lignocellulose degradation-related CAZymes (AA1, AA6, AA10, GH5, etc.), and antigenic stimulus-activated immune signaling pathways. In contrast, breastfed buffaloes had a higher abundance of genera (Selenomonas_C, Treponema_D, Succinivibrio, UBA629, CAG-791, and RC9), lactose degradation-related CAZymes (GH35, GH42, etc.), amino acid synthesis pathways, and antibiotic production pathways.



Materials and methods


Sample collection

A total of 47 samples were collected for metagenome sequencing. Among these samples, 29 were obtained from adult female buffaloes fed with feed (90 ± 36sd months), while 18 were obtained from breastfed buffaloes (<1 month). To ensure diversity, adult buffaloes with no history of intestinal disease and calves in the breastfeeding period were individually confined in cleaned pens. After a 12-h fasting period, rumen samples were collected using a stomach tube. All samples were immediately frozen in liquid nitrogen and stored at −80°C until DNA extraction. Most samples were processed for DNA extraction within a week of collection.



DNA extraction, library construction, and metagenomics sequencing

Three grams of each sample were used for DNA extraction. DNA was extracted using a mini-bead beater (BioSpec Products; Bartlesville, United States), followed by phenol–chloroform extraction through a bead-beating method. After precipitation with ethanol, the pellets were suspended in 50 μL of Tris–EDTA buffer. DNA quantification was performed using a NanoPhotometer® (IMPLEN, CA, USA) after staining with a Qubit® 2.0 Fluorometer (Life Technologies, CA, USA). DNA samples were stored at −80°C until they were further processed. We followed the TruSeq DNA sample preparation guide (Illumina, 15,026,486 Rev. C) method and procedure, using 500 ng DNA as the template. We selected qualified libraries for paired-end sequencing on the Illumina NovaSeq 6,000 platform, with a read length of 150 base pairs (PE150).



Quality control and removal of host- and food-associated genomes

The paired-end raw sequencing reads were first trimmed using Trimmomatic (Bolger et al., 2014) (v.0.35) to eliminate vectors and low-quality bases. Sequences longer than 110 bases and with an average base quality greater than 30 after trimming were retained for subsequent analysis. To eliminate potential reads from the host or food, genomic sequences of buffalo (Luo et al., 2020), Glycine max (Shen et al., 2019), Zea mays (Jiao et al., 2017), and Medicago truncatula (Tang et al., 2014) were downloaded from the National Center for Biotechnology Information (NCBI) and used as references in Bowtie2 (Langmead and Salzberg, 2012) (v.2.3.3) analysis with the options “-p 10-very-sensitive”. Reads that aligned concordantly with references were removed as contamination.



Annotation and functional characterization of MAG-encoded proteins

To enhance the accuracy of our results, we used the gut microbiota genome catalog of the buffalo species from a prior study as a reference (Tong et al., 2022). For predicting MAG-encoded proteins, we utilized Prodigal (Hyatt et al., 2010) (v.2.6.3). Additionally, we used CD-HIT (Fu et al., 2012) (v.4.8.1) to cluster the predicted proteins, employing the following options: “-c 0.95 -n 10 -d 0 -M 16000 -T 8”. These non-duplicate proteins were further scrutinized against the CAZy database through the usage of dbCAN2 (Zhang et al., 2018) and the EggNOG database using eggnog-mapper (v.4.5) (Huerta-Cepas et al., 2016). For the KEGG annotation, we use the metagenome pipeline (Liu et al., 2021) designed by Liu et al. (2023), in conjunction with its requisite common software, script files, and database annotation files (EasyMicrobiome).



Identification of differential taxa between groups

To establish the microbial strains exhibiting marked differences in abundance among the selected sample groups, we initially evaluated the relative redundancy of the MAGs in each sample. We subsequently mapped the clean reads from each sample to all MAGs and calculated the proportional abundance of a given MAG as a percentage of the total number of reads mapped to all MAGs in that sample. Therefore, the total relative abundance of all MAGs in each sample invariably amounts to 100%. Relative abundances at higher taxonomic levels, including genera, families, and orders, were determined by summing the abundances of their respective daughter clades based on the GTDB-TK phylogenetic tree.

The LEfSe tool (Segata et al., 2011) was utilized to identify differential taxa among groups of samples, selecting those with LDA scores >2 as the significant taxa. The statistical significance of the differential taxa abundance between groups was revealed using the Wilcoxon test. Subsequently, we picked taxa that have a crucial role in the physiological functions linked with the context of grouping.



Statistics

The alpha diversity of the microbial community was obtained using the Shannon index obtained from the R package vegan analysis, and the beta diversity was obtained from non-metric multidimensional scaling (NMDS) analysis using the metaMDS function of the R package vegan. Spearman’s rank correlation was used for all correlation analyses, with R > 0.5 or < −0.5 being considered strong correlations and p-values <0.05 being considered significant.




Results


Structure of microbial communities in the rumen of adult and breastfed buffaloes

In this investigation, we collected rumen contents from 29 adult female buffaloes that were provided with feed, along with 18 breastfed buffaloes, followed by sequencing and bioinformatic analysis (Figure 1A). The Shannon index was higher in the adult buffalo group than in the breastfed buffalo group (Figure 1B, p < 0.0001), indicating that the diversity of rumen microorganisms was higher in adult buffaloes than in breastfed buffaloes. Adult buffaloes are exposed to a more complex environment than breastfed buffalo, with more time and opportunity for microbes to colonize. Forage is more difficult to digest compared to milk, so adult buffaloes need more microbes to assist in digesting forage. This results in a higher diversity of microbes colonizing the rumen of adult buffaloes. NMDS analyses showed that the rumen microbial communities of adult and breastfed buffaloes were significantly different (Figure 1C), with a higher degree of aggregation among microbial samples in adult buffaloes and a greater degree of disaggregation in breastfed calves, which was also seen in other species (Huang et al., 2018; Lim et al., 2019; Jin et al., 2021; Xiao et al., 2022).

[image: Figure 1]

FIGURE 1
 Compositional analysis of rumen microorganisms in adult and breastfed buffaloes. (A) Experimental design, macro genomic analysis of rumen contents of adult female buffaloes fed with feed (29), and breastfed buffaloes (18). (B) Shannon index. (C) NMDS analysis. (D) Percentage stacking of the phylum of rumen microorganisms in adult and breastfed buffaloes. (E) Sankey diagram of dominant rumen communities in adult and breastfed buffaloes. The diagram shows the dominant genera and the families and phyla to which they belong that are greater than 1% in the rumen of adult and breastfed buffaloes. The green dots represent that the genus, family, and phylum are greater than 1% in adult buffaloes only, the yellow dots represent that the genus, family, and phylum are greater than 1% in breastfed buffaloes only, and the unspecialized markings indicate that it is greater than 1% in both groups.


We adopted the approach of Jin et al. (2022), designating that relative abundance greater than 1% is the dominant bacterial group. In this study, we counted the phyla, families, and genera of organisms in >1% of the rumen of adult and breastfed buffaloes. There were 6 phyla (97.50%), 14 families (93.05%), and 15 genera (84.87%) belonging to the dominant flora in the rumen of adult buffaloes. A total of 8 phyla (97.49%), 13 families (88.51%), and 13 genera (76.52%) were dominant in the rumen microflora of breastfed buffaloes (Supplementary Table S1). At the phylum level (Figure 1D), Bacteroidota (79.03, 64.96%), Firmicutes_A (11.75, 17.05%), Firmicutes_C (2.34, 4.48%), and Firmicutes (1.37, 1.93%) were present in both adult and breastfed buffalo. Methanobacteriota (1.85%) and Verrucomicrobiota (1.16%) were only dominant in adult buffalo, while Proteobacteria (2.86%), Spirochaetota (2.86%), Synergistota (1.72%), and Actinobacteriota (1.63%) were only dominant in breastfed buffalo. At the family level (Supplementary Figure S1B), Bacteroidaceae (56.28, 36.15%), UBA932(7.68, 12.52%), Muribaculaceae (4.82, 8.78%), F082 (4.54, 5.50%), Lachnospiraceae (2.61, 10.37%), Acidaminococcaceae (2.11, 2.27%), and Oscillospiraceae (2.41, 3.38%) were present in both adult and breastfed buffalo. Saccharofermentanaceae (2.21%), Acidaminococcaceae (2.11%), CAG-138(2.10%), P3(2.09%), Methanobacteriaceae (2.06%), Paludibacteraceae (1.64%), WCHB1-69 (1.62%), and CAG-74 (1.09%) were only dominant in adult buffalo, while Succinivibrionaceae (2.51%), Selenomonadaceae (1.68%), Treponemataceae (1.62%), Atopobiaceae (1.40%), Sphaerochaetaceae (1.23%), and P3 (1.08%) were only dominant in breastfed buffaloes.

The relative abundance of rumen flora in both adult buffaloes and breastfed buffaloes was greater than 1% in eight genera (Figure 1E), of which five, Prevotella (51.98,32.52%), RC9 (6.36,11.46%), C941 (4.70,8.58%), F082 (4.54,5.50%), and UBA4372 (1.94,1.28%), were the major contributors to Bacteroidota, while the remaining three, CAG-110(1.02, 2.19%), Succiniclasticum (2.09,1.95%), and unclassified GWE2-31-10_(1.68,1.71%), were derived from Firmicutes_A, Firmicutes_C, and Spirochaetota, respectively. There were seven genera with relative abundance greater than 1% in adult buffaloes only, of which four UBA1711 (1.91%), RF16 (1.40%), Saccharofermentans (1.96%), and F23-D06(1.19%) were derived from Bacteroidota, two UBA1777(1.05%), RUG472(1.19%) from Firmicutes_A, and Methanobrevibacter_A (1.85%) from Methanobacteriota. There were five genera with relative abundance greater than 1% in breastfed buffaloes only, two of them UBA629 (3.36%), CAG-791 (3.23%) were derived from Firmicutes_A, Selenomonas_C (1.55%), Treponema_D (1.62%), Succinivibrio (1.56%) from Firmicutes_C (4.48%), Spirochaetota (2.86%), and Proteobacteria (2.86%), respectively. In addition, the top 20 family-level and 30 genus-level microorganisms with the highest abundance per buffalo were enumerated (Supplementary Figures S3, S4).



Analysis of differences in rumen microbiology between adult and breastfed buffaloes

Significant difference analysis was conducted for phylum, dominant family, and genus using STAMP software (Supplementary Figure S2). In adult buffaloes, seven phyla (all including Bacteroidota, Riflebacteria, UBP6, Methanobacteriota, UBA3054, Fibrobacterota, Planctomycetota), six dominant families (all including Bacteroidaceae, Saccharofermentanaceae, Methanobacteriaceae, Paludibacteraceae, CAG-138, WCHB1-69), and eight dominant genera (all including Prevotella, RC9, UBA1711, RF16, Saccharofermentans, F23-D06, UBA1777, RUG472) were found to be significantly higher (Figure 2A). While, breastfed buffaloes showed significantly higher levels of eight phyla (Proteobacteria, Spirochaetota, Desulfobacterota, Firmicutes_C, Firmicutes_B, Actinobacteriota, Campylobacterota, Firmicutes_A), eight dominant families (Lachnospiraceae, UBA932, Muribaculaceae, Succinivibrionaceae, Selenomonadaceae, Treponemataceae, Atopobiaceae, Sphaerochaetaceae), and six dominant genera (Selenomonas_C, Treponema_D, Succinivibrio, RC9, UBA629, CAG-791) (Figure 2A).LEfSe analysis of variance was conducted to obtain an overall view of the differential rumen microbes in adult and breastfed buffaloes. Linear Discriminant Analysis (LDA) was used to identify microorganisms that were statistically different between the adult buffalo and breastfed buffalo groups, with an LDA score >2 (Figure 2BC). Microorganisms that are higher in adult buffalo have Alphaproteobacteria, Saccharofermentanales, Acetobacterales, RF32, Saccharofermentanaceae, Paludibacteraceae, Acetobacteraceae, CAG-302, CAG-433, CAG-239, Saccharofermentans, RF16, UBA3792, g_Firm-16, UBA3766, UBA1786, RUG658, RUG705, Acetobacter, CAG-95, UBA1712_A, UBA6382, RUG410, Kandleria. Breastfed buffaloes had higher levels of Anaerotignaceae, Anaerotignum, Megasphaeraceae, Megasphaera, Pyramidobacter. In summary, genera with a relative abundance of over 1%, which exhibit no difference in both adult and breastfed buffalo (C941, F082, UBA4372, CAG-110, Succiniclasticum, unclassified GWE2-31-10_), may be the fundamental genera in the buffalo rumen. Significantly higher dominant genera in adult buffaloes (UBA1711, RF16, Saccharofermentans, F23-D06, UBA1777, RUG472, Methanobrevibacter_A) may be associated with degradation of lignocellulose, and significantly higher genera in breastfed buffaloes (UBA629, CAG-791, Selenomonas_C, Treponema_D, Succinivibrio) may be associated with degradation of high-protein, high-energy diets. These genera may have distinct roles in diverse dietary patterns at varying ages.
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FIGURE 2
 Composition and differential analysis of rumen microorganisms in adult and breastfed buffaloes. (A) Violin plots of the significant difference analysis of the dominant genus, with the color block where the genus name is located being green for significantly higher in adult buffalo and yellow for significantly higher in breastfed buffaloes. (B) Bar chart of the distribution of LDA values: demonstrates species that differed at LDA scores >2, with statistically different biomarkers, and the length of the histogram represents the magnitude of the influence of the significantly different species. (C) Species evolutionary branching diagram of the differing species, with circles radiating from inside to outside representing taxonomic levels from phylum to genus (or species). Each small circle at a different taxonomic level represents a taxon at that level, and the size of the circle diameter is proportional to the size of the relative abundance. Coloring principle: species with no significant differences are colored white, different species are colored following the group, yellow nodes indicate microbial taxa that play an important role in the breastfed buffalo group, and green nodes indicate microbial taxa that play an important role in the adult buffalo group. The full names of the species represented by the letters in the figure are shown in the legend.




Differences in the functional composition of rumen microorganisms in adult and breastfed buffaloes

In order to explore the functions of the excavated microbiota, we functionally annotated the predicted acquired genes for CAZyme, COG, and KEGG (Supplementary Table S1). Overall, glycoside hydrolases (GH) and glycosyl transferases (GT) were the major dominant CAZymes in both adult and breastfed buffaloes, with relatively higher GH, carbohydrate-binding module (CBM), and auxiliary activities (AAs) in adult buffaloes and higher relative abundance of GT in breastfed buffaloes (Figure 3A). We counted a high abundance of CAZymes (Figure 3B; Supplementary Table S1), and GH35 (Wang et al., 2020) with lactose degradation capacity had a relative abundance greater than 1% in breastfed buffaloes. In the COG database, significantly higher in breastfed buffaloes than in adult buffaloes C-Energy production and conversion (p < 0.001) enables the bacteria to access and utilise energy for survival and function. Adult buffalo rumen microorganisms had significantly higher G-Carbohydrate transport and metabolism to take up carbohydrates from the rumen and convert them into energy supply and metabolites (Figure 3C; Supplementary Table 1).
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FIGURE 3
 Functional composition and differential analysis of rumen microbes in adult and breastfed buffaloes. (A) Percentage CAZy stacking plot of rumen microbes of adult buffalo and breastfed calves. (B) CAZymes of rumen microbes greater than 1% in adult buffalo and breastfed calves. Green CAZymes numbers represent greater than 1% in adult buffalo only, yellow CAZymes numbers represent greater than 1% in breastfed buffalo only, and black CAZymes numbers indicate greater than 1% in both groups. (C) Analysis of rumen microbial COG function in adult and breastfed buffalo; on the left is a radar plot of the relative abundance of rumen microbial COG function in buffaloes and breastfed calves; and in the center is a STAMP difference analysis of rumen microbial COG in adult buffaloes and breastfed calves. The yellow color represents breastfed buffaloes, and the green color represents adult buffaloes. (D) Heatmap of differential KEGG tertiary pathways related to immunity in rumen microbes of adult buffalo and breastfed calves and the secondary pathways to which they belong.


We also compared the KEGG database (Figure 3D; Supplementary Table S1). We found that amino acid metabolic pathways including alanine, aspartate, and glutamate metabolism; glycine, serine, and threonine metabolism; cysteine and methionine metabolism; valine, leucine, and isoleucine degradation; valine, leucine, and isoleucine biosynthesis; lysine biosynthesis; arginine and proline metabolism; tyrosine metabolism; and phenylalanine, tyrosine, and tryptophan biosynthesis were significantly higher in breastfed buffaloes than in adult buffaloes in terms of nutrient utilization. In immunity (Figure 3D; Supplementary Table S1), pathways related to antibiotic synthesis (carbapenem biosynthesis, monobactam biosynthesis, novobiocin biosynthesis, penicillin, cephalosporin biosynthesis, phenazine biosynthesis, and streptomycin biosynthesis) were significantly higher in breastfed buffalo than in adult buffalo, and immune signaling pathways (Toll-like receptor signaling pathway, Toll-like receptor signaling pathway, natural killer cell-mediated cytotoxicity, mTOR signaling pathway, leukocyte transendothelial migration, antigen processing and presentation, B cell receptor signaling pathway, T cell receptor signaling pathway, IL-17 signaling pathway, and Th17 cell differentiation) were significantly higher in adult buffalo than in breastfed buffalo. Adult buffalo exhibited greater binding to immune functions than breastfed buffalo, while the latter displayed higher amino acid metabolism and antibiotic synthesis. These findings suggest that rumen microbes play varying roles in immunity between adult and breastfed buffalo.

Overall, in terms of nutrition, rumen microbes in adult buffaloes are proficient in degrading lignocellulose and carbohydrates, while rumen microbes in suckling buffaloes are adept at degrading lactose and generating energy and amino acid metabolism. Regarding immunity, adult buffalo microbes rely on established immune signaling pathways, while rumen microbes in suckling buffaloes rely on self-produced antibiotics to combat pathogenic microbes.



Spearman’s correlation analysis of dominant microorganisms and functions in adult and breastfed buffaloes

We further explored the potential microbiota functional relationship with an analysis of all identified genera to assess their correlations, and genera exhibiting significant positive correlations were visually represented on a co-occurrence diagram (correlation>0.5, p-value<0.05, Figure 4). We found a clear trend of segregation of significantly different genera between the two groups, with stronger aggregation of significantly higher genera (green nodes) in the rumen of adult buffaloes and stronger aggregation among significantly higher genera (yellow nodes) in the rumen of breastfed calves, suggesting that we have a community effect and symbiotic relationship between microorganisms in the rumen of buffaloes at different growth stages (Figure 4).
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FIGURE 4
 Plot of significant positive correlations between genera in the rumen of adult and breastfed buffaloes. The green dots represent all genera that were more abundant in adult buffaloes, the yellow dots represent all genera that were significantly more abundant in the rumen of breastfed buffaloes, the pink dots represent genera that did not differ between the two groups, and all the lines represent significant positive correlations between the two genera that are connected (correlation>0.5, p-value<0.05).


We correlated dominant genera and CAZymes and found that CAZymes associated with lignocellulose degradation (AA1, AA6, AA10, GH5, GH8, GH9, GH10, GH44, GH48, GH51, and GH74) were significantly positively correlated with dominant genera in adult buffaloes (correlation >0.5, p-value<0.05, Figure 5A), and CAZymes associated with lactose degradation (GH1, GH35, GH42, GH59, and GH39) were significantly positively correlated with dominant genera in breastfed buffaloes (correlation >0.5, p-value<0.05). This suggests that microorganisms in the rumen of adult and breastfed buffaloes have a clear preference for substrate digestion. A large proportion of CAZymes was significantly positively correlated both with dominant genera in the rumen of adult buffaloes and with dominant genera shared by both groups (Prevotella, UBA4372, RUG472, and F082). Many of these CAZymes were lignocellulose degradation-related; for example, AA3, GH6, and GH12 were significantly positively correlated with Prevotella and UBA4372. This implies that the rumen microorganisms of our breastfed buffaloes also have some lignocellulose degrading ability, and the pre-weaning colonization of rumen microorganisms provides sufficient preparation for the calves to feed on forage and pasture later on.
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FIGURE 5
 Correlation analysis of rumen microorganisms and function in adult and breastfed buffaloes. (A) Network diagram of significant positive correlation (correlation>0.5, p-value<0.05) between rumen microorganisms and CAZymes in adult and breastfed buffaloes. The green dots represent the dominant genera in adult buffaloes, the yellow dots represent the dominant genera in breastfed buffaloes, the red dots represent the co-dominant genera in both groups, and the blue dots represent the CAZymes. The green line connects the dominant genera specific to adult buffaloes with the CAZymes that are significantly positively correlated with them, and the yellow line connects the dominant genera specific to breastfed buffaloes with the CAZymes that are significantly positively correlated with them. CAZymes, the red lines connect the dominant genera, and CAZymes significantly positively correlated with both groups >1%. (B) Bubble heatmap of rumen microbial and immune-related KEGG tertiary pathway significantly positively correlated (correlation>0.5, p-value<0.05) in adult and breastfed buffaloes. Horizontal coordinates represent genera, and vertical coordinates are KEGG level 3 pathways. The size of the bubbles represents the level of significance; the smaller the p-value, the larger the bubbles, and the redder the color of the bubbles, the higher the correlation coefficient.


Then, we found out that pathways associated with amino acid metabolism, energy production, and antibiotic production were significantly positively correlated with the dominant genus of bacteria in the rumen of breastfed buffaloes. Interestingly, antibiotic production appeared to be dependent on amino acid metabolism and energy production. For example, the intermediate chorismate of phenylalanine, tyrosine, and tryptophan biosynthesis is required as an initial substance for phenazine biosynthesis, and both pathways are significantly positively correlated with Succinivibrio and UBA629. The dominant genera, specific to adult buffaloes, were significantly positively correlated with the previously mentioned immune-related pathways (correlation >0.5, p-value<0.05, Figure 5B). The positive correlation between UBA4372 (correlation >0.5, p-value<0.05, Figure 5B), which is the dominant genus in the rumen of both adult and breastfed buffaloes, and the immune signaling pathways (Toll-like receptor signaling pathway, Toll-like receptor signaling pathway, natural killer cell-mediated cytotoxicity, mTOR signaling pathway, and leukocyte transendothelial migration) that do not require antigenic stimulation suggests that UBA4372 may play an important role in the rumen immunity of buffaloes at different stages of growth.

Based on the above analysis, the rumen microorganisms of breastfed buffaloes have their own unique physiological functions, and the synthesis of amino acids and antibiotics is genus-specific. However, we did not find any genus that was significantly positively correlated with all metabolic pathways in buffaloes. We speculate that the rumen microorganisms of breastfed buffaloes may need to cooperate with each other to provide energy, produce and metabolize amino acids, and produce antimicrobial substances. This suggests that the nutritional requirements of breastfed buffaloes should be high in energy and protein, which is not only important for the growth and development of buffaloes but also for their resistance to diseases during the breastfeeding period.




Discussion

In this study, we analyzed the microbiome data of rumen contents from 29 adult female buffaloes that were provided with feed, along with 18 breastfed buffaloes. The abundance (Shannon index) and similarity (NMDS) of rumen microorganisms were significantly higher in adult buffaloes than in breastfed buffaloes, and this pattern was also observed in dairy cows (Furman et al., 2020) and goats (Cao et al., 2023). This can be due to the fact that the microorganisms are still in the colonization stage at early life stages and are influenced by various factors such as the mode of delivery pregnancy diet (Lundgren et al., 2018), feeding mode (Stearns et al., 2017), and environment (Depner et al., 2020), so there is a wide variation within the group. Aging and highly similar diets contribute to richer and more similar rumen microorganisms in the rumen of adult buffaloes. This could be linked to the nutritional and immunological needs of adult and nursing buffaloes during this stage of their growth, as well as their strong association with the primary diet of adult and nursing buffaloes.

In terms of nutritional requirements, dietary differences have resulted in dominant rumen microbes specific to buffaloes at different growth stages. Significantly higher dominant microbes in the rumen of breastfed buffaloes were found to be positively correlated with lactose degradation-related CAZymes, amino acid metabolism pathways, and pathways of energy synthesis and utilization, and a low-fiber, high-energy, high-protein diet has been reported to elevate the levels of Succinivibrio (Tang et al., 2019) in abundance. Selenomonas_C, CAG-791, Treponema_D, RC9, and UBA629. We speculate that these five genera also have the potential to degrade high-energy, high-protein substrates such as milk. Significantly higher dominant microorganisms in the rumen of adult buffaloes were all significantly positively correlated with CAZymes associated with lignocellulose degradation (Figure 6), with Prevotella (Maus et al., 2020) and Saccharofermentans (Perea et al., 2017) reported to be associated with lignocellulose degradation. UBA1711, F23-D06, UBA1777, Methanobrevibacter_A, RF16, Prevotella, and Saccharofermentans have co-associated and lignocellulose degradation-related CAZymes, so we suggest that these five genera may have lignocellulose degradation potential.

[image: Figure 6]

FIGURE 6
 Physiological functions assumed for rumen execution in adult and breastfed buffaloes.


In terms of immune requirements, a higher abundance of antibiotic synthesis pathways has been annotated in the rumen microbes of breastfed buffaloes. The products of these pathways, including penicillin, cephalosporin, carbapenem, monobactam, novobiocin, phenazine, and streptomycin (Majumdar and Kutzner, 1962; Bush and Bradford, 2016; May et al., 2017; Huigens et al., 2019; Armstrong et al., 2021) are antibiotics known to have activity against pathogenic microorganisms. The immune system of breastfed buffaloes is not well developed, and the microorganisms in the rumen have not formed a strong bond with the organism, so they rely on antibiotics produced by some genera in the rumen to defend themselves against pathogenic microorganisms. Adult buffalo rumen microbes are more closely linked to the body’s immune system, and higher abundances of antigen processing and presentation, the B cell receptor signaling pathway, the T cell receptor signaling pathway, the IL-17 signaling pathway, and Th17 cell differentiation contribute to the capture and presentation of antigens in the rumen (Kaufmann and Schaible, 2005) and stimulate the activation of immune cells and immune factors, resulting in a series of immune responses.

Remarkably, amino acid metabolic pathways significantly positively correlated with the dominant rumen microorganisms of breastfed buffaloes, which appeared to have a significant impact on antibiotic synthesis (Figure 6). The intermediate chorismate of phenylalanine, tyrosine, and tryptophan biosynthesis is required for phenazine biosynthesis. Additionally, the intermediate L-proline (C00148) of arginine and proline metabolism serves as the initial compound for novobiocin biosynthesis. All four pathways were significantly positively correlated with UBA629, while UBA629 was significantly positively correlated with the most antibiotic synthesis pathways, suggesting that UBA629 may be the main antibiotic-producing genus in the rumen of breastfed buffaloes. Arginine enhances streptomycin production (Majumdar and Kutzner, 1962), and in our results, we also found that streptomycin biosynthesis and arginine biosynthesis were both significantly positively correlated with Treponema_D. This suggests that our amino acid synthesis and metabolism are important for buffaloes during the breastfeeding period, in addition to maintaining their immunological development. Meanwhile, Luo et al. found that Treponema_D and goat immunity are positively correlated (Luo et al., 2022), thus confirming our view from the side. Therefore, breastfed buffaloes can be fed a high protein diet to enhance immunity and maintain their growth needs and should not be supplemented with antibiotics to avoid damaging the rumen environment of breastfed buffaloes.

In conclusion, the composition and function of rumen microbes differed significantly between adult feed-fed and breastfed buffaloes. Adult buffaloes exhibited more similar rumen microbial compositions, with specific dominant genera that possess greater abilities to degrade lignocellulose and carbohydrates, as well as established immune pathways. The rumen microbial composition of breastfed buffaloes was more different, with particular dominant genera exhibiting greater benefits in lactose degradation, amino acid metabolism, and antibiotic synthesis. The contrasting dietary patterns of adult and breastfed buffaloes gave rise to differing dominant rumen microbes, which meet the nutritional and immune necessities of buffaloes at diverse stages of growth.



Conclusion

In our study, we explored the composition and function of rumen microorganisms in adult and breastfed buffaloes. We discovered distinctive differences in the community and function of these microorganisms. Rumen microorganisms in adult buffalo primarily contribute to lignocellulose degradation and exhibit close associations with immune responses when exposed to antigens. In contrast, rumen microbes in breastfed buffaloes focus on galactose conversion and synthesizing antibiotics to resist pathogens. These variations arise from differences in growth stages and diets, offering valuable insights into the gut microorganisms of domestic animals.
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SUPPLEMENTARY FIGURE S1 | Stacked plots of dominant rumen microorganisms in adult and breastfed buffaloes. (A) Phylum-level. (B) Family-level. (C) Genus-level.



SUPPLEMENTARY FIGURE S2 | Differential microbiology in adult and breastfed buffaloes. (A) Phylum-level. (B) Family-level >1%.



SUPPLEMENTARY FIGURE S3 | Percentage stacking of family of rumen microorganisms of adult and breastfed buffaloes.



SUPPLEMENTARY FIGURE S4 | Percentage stacking of genus of rumen microorganisms of adult and breastfed buffaloes.



SUPPLEMENTARY FIGURE S5 | Heatmap of the level 2 kegg pathway of differences between adult and breastfed buffaloes.



SUPPLEMENTARY FIGURE S6 | Heatmap of correlation bubbles of dominant bacterial genera and KEGG class 3 pathways in adult and breastfed buffaloes.
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Correlation prediction based on collinear networks

) spieces SCC__| correlation
nculiured_bacierium ]
bin27 puscseits 0713718 |cooccurence
bin29 Roseburia indlinivorans 0.774646 [cooceurence
bind Faecalibacterium prausnitzi-2 | 0781818 [cooccurence
bin§0 Eisenbergiellasp00066775 | 0.783349  [cooccurence
bin 50 Dorea formicigenerans 0818165 [cooccurence
bin20 | Subdoligranulum sp. APCO24/74 | 0839076 |cooccurence
bin82 | Limosilactobacillus fermentum | 0854545 |cooccurence
bin13 Clostridiumsp. OF09-36. 0874038 [cooceurence
bin9 | Thactdigestvibacter scatoligenes| 0905204 |cooceurence
bind9 Dialister preumasintes 0922612 [cooccurence
bin73 | Eubacterium sp. AM28-29 0922612 _cooceurence

D Spicces SCC_ | corrclation
Bin Phocaeicola coprocola 661495 | exclusive
bin.2 Dorea sp. AF36-1SAT 0696311 | exclusive
bin.Slfmeulured bacterium_f Lachnospiraceael 0.727273 | exclusive
uncultred Oscillbactersp. | 0772727 | exclusive
Fusicatenibacter saccharivorans | 0783349 | exclusi

Dialister invisus 0800000 | exclusive
wncultured Collinsella sp. 0800757 | exclusive
Phocacicola wilgatus 0800757 | exclusive

‘Bifdobacterium dentium 0818165

Suttrella wadsworthensis 0835573

Lachnospira rogosae 0835573

Ruminococcus gnavus 0852981

Parabacteroides distasonis | -0.852981

Alistipes puedinis 0858116

Porphyromonas bennonis 0858116
Bacteroides fragilis 0858116 | exclusive
Finegoldia magna 0858116 | exclusive

uncultured_bacrerium_o_Eubacteriales 0858116 | exclusi

Bacteroides uniformis 0858116

Parabacteroides merdae 0858116

Kiebsiella preumoniae 0858116

CAG-83 5p000431575 0858116

Rombousia timonensis 0858116

Flavonifiactor plautii 0858116

Bacteroides caccae 0858116

(Clostidium) innocuam 0858116

Paraprevoella clara. 0858116

bin. 3] Lawsonibacter spO14287875 | 0858116
bin.32| Wansuia hejianensis 0863636 | exclusive
bin.1] Coprococeus comes 0867562 | exclusive
bin.12) Bacteroides stercoris 0870388 | exclusive
bin.53| Bifidobacterium longum 0887796 | exclusive
bin.5 Eubacterium ventriosum 0887796 | exclusive
bin.75 ‘Bifidobacterium bifidum 0387796 | exclusive
bin.8 wncultured Eubacterium sp. | 0.905204 | exclusive
bin.ss| Anaerostipes hadrus 0905204 | exclusive
bin2 Sellimonas intestinalis 0909091 | exclusive
bin.42funcultured_bacterium_o_Monoglobales| 0938384 | exclusive
bin11] Ruminococeus bromi 9940019 | exclusive
bin.84 Roseburia faecis 0940019 | - exclusive
bin1| Streptococcus pastenrianus | 0940019 | _exclusive
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Sheep fecal scores

Grade 1 Grade 2 Grade3 Grade 4 Grade 5
Scattered granular Adherent granular Stripes with grooves  Stripes with smooth surface  Water sample, no shape
100 ° o 331%. _0.78%
% ki
b
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= 30 B Grade 5
20
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E

D
7.20% 1.75% 4.67' A’W
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Items Content

Ingredients

‘Whole-plant corn silage 60.00
Corn 740
Rice 200
Soybean meal 256
Bran 1155
Sweet potato residues 240
Rice bran 360
DDGS. 5.60
Cottonseed meal 192
Molasses 080
Limestone 10
Premix’ 117
Total 100.00

Nutrient levels”

DM 9250
cp 1286
EE 10.16
NDF 5479
ADF 2608
Ca 142
3 040

Every 1 kg of premix contained 270,0001U of vitamin A, 30,0001U of vitamin D, 1,2001U
of vitamin E, 1.5g of Cu, 4.5g of Fe, 5 of Mn, 4 of Zn, 0.01 g of Se, 001 g of 1, 0.01 g of Co,
55g.0f Mg,

*The nutrient levels were all measured values.

DDGS, distilers dried grains with solubles; DM, dry matter; EE, ether extract; NDF, neutral
detergent fiber; ADF, acid detergent fiber; Ca, calcium; P, phosphorus.





OPS/images/fmicb-15-1348729/fmicb-15-1348729-t002.jpg
Dietary D-lactate levels, DM basis SEM p-value

0.3% 0.75% 12% Treatment Linear Quadratic

Nutrient disappearance rates (%)

DM 8039 80.10 79.95 033 0.87 0.60 0.93
NDF 6924 68.35 69.35 042 059 092 031
ADF 6185 60.68 60.50 044 042 023 0.60
oM 79.11 78.74 78.80 025 0.82 063 070
cp 8154 8091 8130 020 047 064 0.26
EE 84.46 84.04 84.10 018 061 044 054

Digestive enzymes activities

a-amylase (U/L) 22401 243.09 230.89 458 024 054 0.11
Polygalacturonase (U/L) 211 219 191 026 0.25 0.24
Cellulase (U/mL) 429.03 41233 463.53 0.26 027 022
Lipase (U/L) 122.14 11598 114.45 256 045 0.24 0.68
Total protease (U/L) 38.55 3991 4L11 079 044 0.20 0.96
Gas production
Total gas (L/d) 640° 660" 688 054 <001 <001 063
H, (mL/d) 9.98" 10.75" 1171 0.23 <0.01 <0.01 0.80
CH, (ml/d) 887310 927.18" 950.15" 800 <001 <001 053

 Values with in a row without common leters differ significantly (p<0.05).
SEM, standard error of the mean; DM, dry matter; NDF, neutral detergent fiber; ADF, acid detergent fiber; OM, organic matter; CP, crude protein; EE, ether extract.
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Traits

(\[-
Albumin (ALB), g/l

Alkaline phosphatase (ALP), U/L
Aspartate aminotransferase (AST), U/L
Creatine kinase (CK), U/L

Creatinine (CR), pmol/L.

Direct bilirubin (DBIL), pmol/L.
Glucose (GLU), mmol/l

Lactate dehydrogenase (LDH), U/L
Total bilirubin (TBIL), pmol/L.
Triglyceride (TG), mmol/L.

Total protein (TP), g/L

19.76£052
201.6447.82
67.46£246"
19737£8.73
29754079
073£0.04
7.67£021"
3758141135
0.41£0.03%
0.12£0.00

50334144

1997£0.36

209494582

71214165

196.57£6.81

29334051

0.79£0.03

8374013

388.81£8.05

0.36£0.02°

0.12:£0.00

5085+ 1.01

1848051
18671 £6.54
63.06+2.09"
17371£8.80
28384074
071£0.04
839£0.16°
358141105
044003
0.11£0.00

47474136

19.06+2.04
2000043331
66.79£8.96"
163.7£19.84
293£199
0.85£0.09
7.83£1.00"
337.86:£40.04
075017
013001

58.6447.44

0125

0133

0.042

0.159

0615

0346

0.009

0135

0.005

0436

0115





OPS/images/fmicb-15-1348873/fmicb-15-1348873-g007.jpg
|
|

Y L

il B

o_Desutovcaaa

| |

[ | oswane

TS —
r——

[ ——
I ——
o_Prociois

_Mrbacuscoss

(-

SOE ESESFSEIEF P S8

[ | |
FEFFP P F &

< Nogavises
_Acaminooceacase

o_Actaminococcies





OPS/images/fmicb-15-1348873/fmicb-15-1348873-t001.jpg
Traits

80d 20324028 20414020 20864031 20.66£0.90 0554
100d 25454032 25324026 26374039 25464165 0137
120d 3093036 30.65£0.29" 32184044 3091£241° 0.029
Bk 140d 36.61£041° 36.56£031% 38.284049" 3490297 0.010
160d 42.10£0.45" 42.05£034" 44064053 40314346 0.005
180d 46.40+£0.46" 46.68+0.35" 48.864057" 45134327 0.002
80d 53.0840.22 53.26£0.15 53614025 54.00£0.68 0324
100d 56.63021" 56.78£0.16" 57.524025" 59.50£ 115" 0.001
120d 60.01£0.19" 60.03£0.16" 60.69+0.27" 61.75£1.05" 0.028
S 140d 62.26£0.20° 62.330.16" 63.00£0.24" 63.50£0.98" 0.037
160d 64.86:£0.18 64.61£0.15 65.36£0.27 65254113 0.053
180d 66.02:£0.20° 66.34£0.15 66.60£0.26" 68.00£1.56" 0.078
80d 56824027 56.94£0.19 57.364028 57.8741.06 0395
100d 61.30£0.24" 61.36£0.19" 6241£0.27" 63.25£ 146 0.003
120d 65344023 65.19+0.19 6617032 65,634 167 0.039
fleem 140d 69.01£0.24 68.67£0.18 69.58+0.29 69.50£2.07 0.051
160d 72514024 7189£0.18 73174029 71884185 0.002
180d 74.35£0.24° 74.21£0.19" 753140310 7338206 0.009
80d 60.21£0.29 6046021 6050034 6119:£0.82 0.802
100d 65.5540.29 65374023 65.96+0.34 64814119 0.461
120d 69.794£0.29 69.62£0.22 70474034 69.5641.13 0.183
ChC, em
140d 74684030 7448024 75194036 72444156 0124
160d 78794029 7894024 79.674036 76444162 0.051
180d 82774032 82714025 8381038 82634168 0.074
80d 657£0.04 6524005 6.61£0.07 678+0.14 0.566
100d 7.13£0.04 7.04£0.05 7.08£0.07 735£0.18 0447
120d 7.66+0.04 7.634£0.04 7.77£0.04 753£015 0.148
GGem 140d 7.9740.04 7.97:£0.03 8024008 803£0.16 0,830
160d 823£0.04 824003 8.36+0.040 833£0.18 0.062
180d 839£0.04 8434003 8.58£0.05 856£0.13 0.006
80-100d 0252001 0.24:£0.00 027001 024£005 0.016
80-120d 0.26£0.00 0.25:£0.00 0.28£0.01 025£0.05 0.001
ADG, kg/d 80-140d 027£0.00" 0.26+0.00" 029+0.00° 0.23£0.04" 0.001
80-160d 027£0.00 0.27£0.00" 0.29£0.00° 024004 0.001
80-180d 026£0.00" 0.26£0.00" 0.28£0.00° 024003 0.000
80-100d 1242002 1232002 1.28£003 1212014 0.387
80-120d 141£0.02 139£002 147003 1360.16 0.066
ADFL kg/d 80-140d 156£0.02 1552002 163+0.02° 146017 0.034
80-160d 168£0.02° 169£0.02" 1.76£0.02° 15720.18" 0.028
80-180d 177£0.02% 178£0.02" 186+0.02° 168017 0.016
FCR 80-100d 534£022 536061 5524061 879£3.13 0.659
80-120d 543008 5644009 5.32£0,09" 6524126 0.018
80-140d 5.83+0.08" 5.8640.06" 5.68+0.07" 679£0.66" 0.005
80-160d 626£0.07 629:£0.05 6.12£0.07 671£036 0.086
80-180d 6.84£0.07 684£0.05 6.68£0.07 692£0.14 0254

Data in the table are mean +standard error; different lowercase leters in the same row of shoulder labels indicate significant differences, the same below. BW, Body weight; BH, Body height
BL, Body length; ChC, Chest circumference; CaC, Cannon circumference.
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Traits

Absolute weight, kg
Perirenal fat
Relative weight, %
Absolute weight, kg
Mesenteric fat
Relative weight, %
Absolute weight, kg
Tail fat
Relative weight, %
Dressing percentage, %
Carcass weight, kg
Carcass length, cm
Carcass chest circumference, cm

Hip circumference, cm

Leg bone perimeter, cm

0.64£0.03
0.0140.00
0.01£0.00
0.02:£0.00"
117£0.04
0.03:£0.00
054001
25234034
8139035
7427£028"
60.54£0.24"

621£0.03

0.68:£0.03
0.01£0.00
0.01:£0.00
0.02:£0.00"
110£002
0.02:£0.00
054:£0.00
25514025
8101026
7470£0.21%
6110£0.19%

621£0.04°

0.59:£0.03
0.01£0.00
0.01:£0.00
0.02£0.00°
1192004
0.02:£0.00
054001
2639042
82274046
75654035
6181£0.32°

637£0.034"

0.49:£0.11
0.01£0.00
0.01:£0.00
0.01£0.00°
1.09£0.26
0.02:£0.01
0524001
23.96+1.83
82.63£2.49
74.13£1.48"
60.63£1.72"

6.40£0.09

0.250

0.105

0.105

0.002

0.245

0.266

0.591

0.074

0.060

0.012

0.016

0.039
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Rumen

Reticulum

Omasum

Abomasum

Total weight

of stomach

Duodenum

Jejunum

Tleum

Cecum

Colon

Total weight

of intestinal

Total weight
of digestive

tract

Traits

Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %

Absolute weight, kg

Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %
Absolute weight, kg
Relative weight, %

Absolute weight, kg

Relative weight, %

746.24£10.66"
0.012£0.00
11518 174"
0.00£0.00
141542.60
0.00£0.00
173212297
0.00:£0.00
1176.1714.22°
0.03:£0.00
37.69£0.60°
0.000£0.00"
811.08+1247
0.02£0.00°
27324059
0.00:£0.00
58074105
0.00:£0.00
440.04£5.74°
0.01:£0.00
1368.61%17.89°
0.03£0.00°

2535.3343139°

0.06£0.00°

757.99£8.15"
0.02£0.00
115.63+1.27
0.00£0.00"
13962176
0.00+0.00
174.62£2.26"
0.00£0.00
1187.86 £ 10.59"
003000
38.63:4£0.52%
0.00£0.00"
852.1449.15°
0.02£0.00"
2608041
0.00£0.00
59.27£0.85"
0.00£0.00
457.8445.24"
0.01£0.00
143396 13.09°
0.03£0.00"

2621.82+19.96"

0.06£0,00b°

792,88+ 12.02"
0.02£0.00
12162+ 1.94°
0.00:£0.00"
143.08+2.68
0.00:£0.00
184.66:+3.38"
0.00£0.00
1242.23+15.80°
0.03:£0.00
40.03£0.82°
0.00+0.00"
89823+ 13,81
0.02:£0,00"
27124064
0.00:£0.00
62.8221.24"
0.00£0.00
477.15£7.54%
0.01:£0.00
1505.35£19.15"
0.03£0.00"

2747.58£29.99°

0.060.00"

802.13£44.22°
0.02:£0.00
13099+9.36"
0.00£0.00°
13839£10.83
0.00:£0.00
18934£9.96"
0.00:£0.00
12608545197
0.03:£0.00
47.51£2.08
0.00£0,00°
997.22445.18°
0.02£0,00°
28.66+3.49
0.00:£0.00
6609692
0.00:£0.00
479.71£33.49°
0.010£0.00
1619.19457.66'
0.04£0,00°

2880.0580.67"

0.07£0.004

0023

0.195

0.007

0.016

0735

0549

0,032

0.169

0.007

0.061

0.001

0.001

0.000

0.000

0214

0.108

0.016

0.756

0.003

0.668

0.000

0.000

0.000

0.000
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Items Dietary CP contents (%) p-values

Jejunum

5-10kg BW 14 16 18 20 2

Chaol 6035313235 503.12:63.89 710237725 7767415853 7474415438 0514
Shannon 453075 3714047 4931046 553060 4524079 0370
Simpson 0.79+0.10 071006 083007 089006 0774011 0633
Observed_species 489.28+99.01 41844833 578535895 63373412034 597.78+123.27 0540
10-20kg BW 12 1 16 18 20

Chaot 5117929262 3446743518 4487946454 473624131 44420£56.01 0404
Shannon 4276044 3234041 3354044 4534032 400£039 0.108
Simpson 077006 064007 067007 0824005 075005 0210
Observed_species 4320447243 296.43£29.00 369.88449.41 397.53:£3041 3754144686 0377
20-30kg BW 10 12 14 16 18

Chaol 603.01+46.88 4245056411 4517543375 5218346539 539.89461.08 0.187
Shannon 4924025 389044 410£032 4554033 4172024 0201
Simpson 089002 076007 081£0.04 084004 0824002 0.293
Observed_species 492033753 350.54£47.48 376292547 437815363 43853243.69 0170
Tleum

5-10kg BW 14 16 18 20 2

Chaol 406053095 3918744644 54174210512 689.76+ 11598 6758920476 0.188
Shannon 3084038 3254044 3452049 5074038 450£076° 0030
Simpson 059+0.08" 0.680.07" 0.6620.08" 088003 079£007* 0036
Observed_species 3404722463 33695+37.28 435.08+81.96 552.98+8271 555.04:169.63 0.225
10-20kg BW 12 1 16 18 20

Chaot 362.5046.12 3878445115 5283546576 408.55£48.43 438444913 0222
Shannon 314£046 3214053 378£041 3324036 354048 0854
Simpson 060008 061008 069007 064007 065008 0908
Observed_species 3133324052 3325844416 4421545204 3489043997 3722644212 0288
20-30kg BW 10 2 14 16 18

Chaot 45120£38.12° 611.14£84.24" 617.68+54.98" 41032137.36" 314.47£4292° 0001
Shannon 3935031 14294065 450£030 3334037 2852044 0054
Simpson 076005 074009 082004 0,606 060008 0.199
Observed_species 297.71£43.18" 3209940.06" 48296+52.10° 3280424355 3398343225 0035

Data are presented as means & SEM (n=6-8 per group). *Different superscriptltters within the same row indicate signifcant diferences among the groups (p<0.05). BW, body weight; CP,
crude protein.
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Exposures

family Victivallaceae (NSNP=12)

genus Eubacterium fissicatena group(nSNP=9)

genus Blautia(nSNP=13)

genus Escherichia Shigella(nSNP=10)

genus Peptococcus(nSNP=12)

genus Ruminococcus2(nSNP=15)

genus Sellimonas(nSNP=9)

methods

Inverse variance weighted
MR Egger

Weighted median

Simple mode

Weighted mode

Inverse variance weighted
MR Egger

Weighted median

Simple mode

Weighted mode

Inverse variance weighted
MR Egger

Weighted median

Simple mode

Weighted mode

Inverse variance weighted
MR Egger

Weighted median

Simple mode

Weighted mode

Inverse variance weighted
MR Egger

Weighted median

Simple mode

Weighted mode

Inverse variance weighted
MR Egger

Weighted median

Simple mode

Weighted mode

Inverse variance weighted
MR Egger

Weighted median

Simple mode

Weighted mode

OR (95%Cl)

0.67 (0.47-0.94)
1.82 (0.35-9.39)
0.68 (0.43-1.08)
0.64 (0.30-1.37)
0.86 (0.37-1.97)

0.65 (0.42-0.99)

0.62 (0.35-1.10)
0.53 (0.22-1.28)
0.49 (0.21-1.19)

2.86 (1.36-6.02)
1.21(0.17-8.55)
2.70 (0.95-7.64)
2.24 (0.41-12.25)
2.27 (0.41-12.59)

043 (0.21-0.89)
0.7 (0.08-7.34)
0.45 (0.18-1.16)
0.41(0.09-1.86)
0.28 (0.06-1.26)

0.63 (0.42-0.95)
0.30 (0.06-1.44)
0.77 (0.44-1.32)
0.85 (0.36-2.00)
0.74 (0.33-1.65)

1.90 (1.09-3.32)
0.73 (0.19-2.80)
1.46 (0.66-3.23)
2,02 (0.62-6.61)
1.55 (0.58-4.14)

0,60 (0.42-0.86)
0.30 (0.04-2.41)
063 (0.39-1.02)
0.61(0.29-1.31)
062 (0.30-1.28)

P value

0.02
0.49
0.1
0.277
0.723

0.047
0.967
0.1

0.195
0.154

0.006
0.851
0.062
0.372
0.367

0.024
0.823
0.1

0.279
0.133

0.028
0.163
0.338
0.718
0.477

0.024
0.657
0.345
0.266
0.401

0.005
0.292
0.059
0.244
0.23
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VFA Volatile fatty acid

EDTA Ethylene Diamine Tetraacetic Acid

PCR Polymerase Chain Reaction

FLASH Fast Length Adjustment of SHort

ASVs Amplicon Sequence Variants

LEfSe Linear discriminant analysis Effect Size

PCA Principal Component Analysis

NMDS Non-Metric Multi-Dimensional Scaling

cv Coeffcient of Variance

LEfSe Linear discriminant analysis and effect size
LpC Lysophosphatidylcholine

AM Ante meridiem

PM Post meridiem

DNA Deoxyribonudleic acid

CTAB Cetyltrimethylammonium bromide
DADA2 Divisive Amplicon Denoising Algorithm 2
DA Linear Discriminant Analysis

PCoA Principal co-ordinates analysis

UHPLC Ultra-High Performance Liquid Chromatography
ESI Electrospray ionization

Qct Quality control

FC Fold Change

KEGG Kyoto Encyclopedia of Genes and Genomes
DHEA Dehydroepiandrosterone

LPE Lysophosphatidyl ethanolamine

NCBI National Center of Biotechnology Information
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Raw material name Dry matter base/%

LG

Oat grass 84.16 37.80 14.93
Palm kernel cake 0.00 7.96 11.44
Fat soybean oil 0.00 0.00 1.46
Corn bran 2.01 4.02 0.00
Corn starch 67 1.99 29.84 55.88
Magnesium oxide 0.08 0.11 0.28
‘Wheat bran 0.00 5.59 0.00
Molasses 0.00 1.02 212,
Sodium bicarbonate 0.42 0.79 0.00
Calcium carbonate 0.11 0.56 0.68
Salt 0.42 0.67 0.96
Urea CP280 0.56 0.34 0.00
Cottonseed meal CP42 4.58 2.03 0.00
Calcium bicarbonate 0.51 1.12 1.69
dicalcium

Mineral element vitamin 0.16 0.64 0.38
premix

Soymeal CP44 4.53 3.02 4.03
Barley P165 0.00 4.48 0.00
Soybeans 0.00 0.00 6.17

Nutrient composition of DM

Dry matter DM (%) 100.00 100.00 100.00
Crude protein CP (%) 11.94 12.08 12.21
Ruminal protein (%) 51.23 52.30 61.84
Soluble protein (%) 37.31 35.48 23.03
Metabolizable energy 7.57 9.44 11.90
(MJ/Kg)

Net energy for maintenance 4.88 6.08 7.67
(MJ/Kg)

Acid detergent fiber ADF 37.89 24.32 15.44
(%)

Neutral detergent fiber NDF 57.00 40.03 25.68
(%)

Non-Fiber Carbohydrate 24.76 38.84 49.44
NEC

The premix provided the following per kg of the diet: VA 3500 IU, VD 1000 IU, VE 40 IU,
Mn 40 mg, Fe 50 mg, Cu 10 mg, Zn 40 mg, Se 0.3 mg, others are estimates.





OPS/images/fmicb-14-1309535/fmicb-14-1309535-t002.jpg
Day of

experiment
Body weight 04d (kg) 58.92 + 3.89 64.48 + 4.66 61.94 +5.28 0.705
60 d (kg) 65.10 & 4.79" 74.40 + 6.53% 85.70 + 6.37% 0.031
90 d (kg) 73.64 4 6.23" 82.12 4 6.82% 100.48 + 7.65% 0.018
120 d (kg) 77.62 + 6.83" 89.82 4 7.90% 109.52 4 9.48* 0.017
150 d (kg) 96.08 + 8.07° 104.36 + 8.90% 127.28 4 11.14% 0.038
Average daily gain (kg/d) 0.25 £ 0.03" 0.27 £ 0.03® 0.43 +0.07% 0.048

Values for each treatment group are expressed as mean = standard error (SEM). In the same row, superscripts with different lowercase letters indicate significant differences between groups.
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Treatment group (Mean £ SEM)

MG
Total VFA (mM) 53.55 4 0.69" 52.81 4 3.44%° 75.96 = 2.96* 0.001
Acetate (mM) 40.38 + 0.31° 36.17 4 3.36" 50.79 = 1.55% 0.008
Propionate (mM) 6.96 + 0.27° 8324 0.87° 13.97 + 0.94 0.001
Iso-butyrate (mM) 0.62 4 0.01 0.72 £ 0.09 0.84 4 0.05 0.131
Butyrate (mM) 4.54 4 035> 6.32 4+ 0.81%0 8.13 £ 0.582 0.017
Iso-valerate (mM) 0.71 £ 0.03" 0.73 £ 0.03" 1.23 £ 0.09* 0.001
Valerate (mM) 0.35 4 0.02° 0.56 = 0.10° 1.00 £ 0.08* 0.002
Acetate/Propionate 5.82+0.18° 437 +£0.26" 3.65+ 0.16° 0.001

The values of each treatment group were expressed as mean =+ standard error (SEM). In the same line, the superscripts of different lowercase letters showed significant differ-
ences between groups.
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